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FIG. 10
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FIG. 11
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AUTOMATED SYNTHESIS OF SMALL
MOLECULES USING CHIRAL,
NON-RACEMIC BORONATES

RELATED APPLICATIONS

This application 1s the U.S. national phase of International
Patent Application No. PCT/US2012/035247, filed Apr. 26,

2012, which claims the benefit of priority to U.S. Provisional
Patent Application Ser. No. 61/479,596, filed Apr. 27, 2011;
and U.S. Provisional Patent Application Ser. No. 61/590,225,
filed Jan. 24, 2012.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
CAREER Award No. 0747778 awarded by the National Sci-
ence Foundation. The government has certain rights in the
invention.

BACKGROUND OF THE INVENTION

Similar to peptides, oligonucleotides, and oligosaccha-
rides, most small molecule natural products are modular 1n
their constitution. Like the aforementioned oligomers, the
majority of naturally occurring small molecules are biosyn-
thesized via the sequential coupling of bifunctional building
blocks. Specifically, polyketides are dertved from multiple
malonyl-CoA and/or methylmalonyl-CoA units, non-riboso-
mal peptides are built from amino acids, polyterpenes are
stitched together from 1sopentenyl pyrophosphate and/or
dimethylallyl pyrophosphate building blocks, and fatty acids
are prepared from fragments of malonyl-CoA. Other classes
of modular natural products result from the oxidative cou-
pling of common building blocks, such as shikimic acid,
amino acids, and/or their respective derivatives.

With peptides and oligonucleotides, and increasingly with
oligosaccharides, the inherent modularity 1s now routinely
harnessed to enable fully automated syntheses from suitably
protected bifunctional building blocks (R. B. Merrifield, Sci-
ence 1965, 150, 178-185; M. H. Caruthers, Science 1985, 24,
799; and O. J. Plante, M. R. Palmacci, P. H. Seeberger, Sci-
ence 2001, 291, 1523). As a direct result of these advances,
research in these areas 1s primarily focused on discovering
and understanding new molecular function. In stark contrast,
despite tremendous advances over the course of nearly two
centuries, the laboratory synthesis of small molecules
remains a relatively complex, inflexible, and non-system-
atized process practiced almost exclusively by highly-trained
specialists. (For pioneering developments in the automated
synthesis of small molecules via polymer-assistance and/or
flow chemistry, see: a) C. H. Hornung, M. R. Mackley, 1. R.
Baxendale, and S. V. Ley, Org. Proc. Res. Dev. 2007, 11,
399-405; b) Nikzad Nikbin, Mark Ladlow, and Steven V. Ley,
Org. Process Res. Dev. 2007, 11, 458-462; and c¢) S. France,
D. Bernstein, A. Weatherwax, and T. Lectka, Org. Lett. 2005,
7, 3009-3012.) Thus, research in this area 1s still heavily
weilghted towards synthesis. Given the special properties of
many small molecules that make them uniquely suited for a
wide range of applications in science, engineering, and medi-
cine, increased access to these compounds via a highly gen-
eral and automated synthesis platform that 1s accessible to the
non-expert would be highly enabling. Ultimately, such a pro-
cess could help shift the primary focus from the synthesis of
small molecules to the discovery and understanding of impor-
tant small molecule functions.
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Organoboron compounds have had a profound 1mpact on
organic synthesis. Their unique reactivity has made them
among the most versatile organometallic intermediates (bor-
onate building blocks) for the construction of complex
organic molecules.

The Suzuki-Miyaura reaction 1s a palladium- or mickel-
catalyzed cross-coupling between a boronic acid or a boronic
ester and an organohalide or an organo-pseudohalide.

Mivyaura et al. (1995) Chem Rev 95:245°7-83. This cross cou-

pling transiormation 1s a powerful method for C—C bond
formation 1 complex molecule synthesis. The reaction 1s
tolerant of functional groups and has become increasingly
general and widespread 1n 1ts use for coupling of organic
compounds. Barder et al. (2005) J Am Chem Soc 127:4685-
96; Billingsley et al. (2007) J Am Chem Soc 129:3358-66;
Littke et al. (2000) J Am Chem Soc 122:4020-8; Nicolaou et
al. (2005) Angew Chem Int Ed 44:4442-89.

Boronic acids, on the other hand, are notoriously sensitive
to many common reagents. Hall D G, Boronic Acids, Wiley-
VCH, Germany, 2005, pp 3-14; Tyrell et al. (2003) Synthesis
4:469-83. It 1s therefore typical to introduce the boronic acid
functional group during the last step of a building block
synthesis. However, many of the methods for doing so (hy-
droboration, trapping organometallic reagents with trimeth-
ylborate, etc.) are intolerant to a variety ol common func-
tional groups, such as alcohols, aldehydes, ketones, alkynes
and olefins. This makes the synthesis of structurally complex
boronic acid building blocks quite challenging.

Conventional boronic acids are characterized by sp*-hy-
bridized boron covalently linked to a carbon atom of an
organic moiety ol interest. Incompatibility of most oxidants
with these boronic acids represent a significant limitation
because 1t severely restricts the ability to modity the organic
moiety while retaining the carbon-boron bond.

Recently there has been keen interest 1in the development of
protecting groups for the boronic acid functional group. A
compound that includes a protected boronic acid and another
functional group can undergo chemical transformations of
the other functional group without chemically transforming
the boron. Removal of the protecting group (deprotection)
then provides the free boronic acid, which can undergo a
Suzuki-Miyaura reaction to cross-couple the compound with
an organohalide or an organo-pseudohalide.

Toward this end, Molander and Ribagorda described potas-

sium organotrifluoroborates useful 1n Suzuki-Miyaura cross-
coupling reactions and epoxidation reactions. Molander et al.
(2003) J Am Chem Soc 125:11148-9.

More recently, N-methyliminodiacetic acid (MIDA) “nigid
cage” boronates have been described as a highly versatile
platform for synthesizing boronate building blocks. US 2009/
0030238 (incorporated herein by reference). These MIDA
boronates are characterized by the presence of boron having
sp> hybridization covalently linked to a carbon atom of an
organic moiety of interest, wherein the boron 1s remarkably
stable 1n the face of harsh chemical conditions capable of
transforming the functional group, yet deprotection 1s effec-
tively achieved using mild aqueous basic conditions (e.g.,
treatment with 1 M aqueous sodium hydroxide 1n tetrahydro-
furan for 10 minutes). Dozens of MIDA boronates are now
commercially available from Aldrich.

Many biologically active compounds and pharmaceuticals
are synthesized as racemic mixtures, while most, 11 not all, of
the desired biological activity is typically associated with
only one enantiomer of such compounds. It 1s, therefore, not
surprising that there 1s tremendous interest in being able to
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synthesize organic molecules with directed stereochemistry,
including, for example, for high throughput screening for

biologically relevant activity.

A building-block approach to small molecule synthesis 1s
an attractive strategy for constructing specific complex mol-
ecules as well as for generating libraries of compounds. In an
idealized form of the building-block approach to small mol-
ecule synthesis, off-the-shelf subunits having all the required
functional groups pre-installed 1n the correct oxidation states
and with the desired stereochemical relationships are brought
together using a single reaction iteratively.

SUMMARY OF THE INVENTION

One aspect of the invention pertains to stereoisomerically
enriched or substantially pure chiral protected organoboronic
acids and their synthesis, characteristics, and use 1n directing
and enabling stereoselective synthesis of organic molecules,
including, 1n certain embodiments, their use 1n directing and
enabling stereoselective synthesis of organic molecules 1n an
automated manner. A stereoisomerically enriched or substan-
tially pure chiral protected organoboronic acid includes a
boron atom having sp” hybridization, a conformationally
rigid protecting group bonded to the boron atom, a chiral
group bonded to or forming part of the protecting group, and
an organic group bonded to the boron atom through a covalent
boron-carbon (B—C) bond. The protecting group may be a
trivalent group. The chiral group, bonded to or forming part of
the protecting group, 1s arranged to be 1n such proximity to the
organic group that 1t can influence the stereoselectivity of a
chemical transformation of the organic group while it remains
bonded to the boron through the boron-carbon bond. Typi-
cally, the organic group can undergo a chemical transforma-
tion without chemically transtforming the boron atom. In one
embodiment the organic group 1s or includes a prochiral
group.

In one embodiment the protecting group 1s dertved from an
iminodiacetic acid (IDA) in which the chiral group 1s a chiral
moiety appended to the nitrogen of the IDA group through a
covalent bond.

In one embodiment the protecting group 1s derived from an
IDA 1n which the chiral group 1s part of the IDA.

In one embodiment the protecting group 1s derived from an
IDA 1 which the IDA 1tself comprises a chiral group, and a
second chiral moiety 1s covalently bonded to the nitrogen of
the IDA group.

In contrast to the stereoisomerically enriched or substan-
tially pure chiral protected organoboronic acids of the mnven-
tion, conventional protected organoboronic acids include
either a boron having sp” hybridization, a boron present in an
anionic compound, or a boron bonded to a protecting group
that 1s not conformationally rigid, for example, the potassium
organotrifluoroborates described by Molander and Rib-
agorda. Molander et al. (2003) J Am Chem Soc 125:11148-9.

Certain aspects of the mvention relate to a process that
iteratively utilizes a carbon-carbon bond-forming reaction to
assemble a wide range of small molecules from pre-fabri-
cated building blocks. In one embodiment, the process 1s an
automated process. In certain embodiments, analogous to the
automated preparation of peptides from suitably protected
amino acids, the automated process involves the controlled,
iterative assembly of bitunctional haloboronic acid building
blocks protected as the corresponding chiral, non-racemic
N-pinene-derived iminodiacetic acid (PIDA) boronates. In
certain embodiments, obviating the need for any covalent
attachment to a solid support, purification of intermediates 1s
achieved by harnessing two remarkably general physical
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properties ol PIDA boronates: the capacity for catch-and-
release chromatography with silica gel; and their insolubility
in hexanes.

In one embodiment, the process 1s carried out using an
apparatus specifically suited to perform the steps of the pro-
cess 1n an automated fashion.

An aspect of the invention 1s a method of purilying a chiral,
non-racemic pinene-derived iminodiacetic acid (PIDA) bor-
onate from a solution. The method includes the steps of dilut-
ing the solution with hexane, thereby selectively precipitating
the chiral, non-racemic PIDA boronate; and isolating the
precipitated chiral, non-racemic PIDA boronate.

An aspect of the invention 1s a method of purifying a chiral,
non-racemic pinene-derived iminodiacetic acid (PIDA) bor-
onate from a solution. The method includes the steps of pass-
ing the solution through a silica plug; passing a first liquid
through the silica plug; and passing a second liquid through
the silica plug, thereby eluting the chiral, non-racemic PIDA
boronate in the second liquid; wherein the first liquid contains
diethyl ether or the polarity of the first liquid 1s less than or
equal to about the polarity of a mixture of 98.5:1.5 (v/v)
Et,O:MeOH; and the polarity of the second liquid 1s greater
than or equal to about the polarity of tetrahydrofuran (THF).

An aspect of the invention 1s a method of purilying a chiral,
non-racemic pinene-dertved iminodiacetic acid (PIDA) bor-
onate from a solution. The method includes the steps of dilut-
ing the solution with hexane, thereby selectively precipitating
the chiral, non-racemic PIDA boronate; passing the diluted
solution through a silica plug, thereby depositing the precipi-
tated chiral, non-racemic PIDA boronate on the silica plug;
passing a first liquid through the silica plug; and passing a
second liquid through the silica plug, thereby eluting the
chiral, non-racemic PIDA boronate 1n the second liquid;
wherein the first liquid contains diethyl ether or the polarity of
the first liquid 1s less than or equal to about the polarity of a
mixture o1 98.5:1.5 (v/v) Et,O:MeOH; and the polarity of the
second liquid 1s greater than or equal to about the polarity of
tetrahydrofuran (THF).

An aspect of the invention 1s a method of deprotecting a
chiral, non-racemic pinene-derived i1minodiacetic acid
(PIDA) boronate. The method includes the step of contacting
a solution, comprising the chiral, non-racemic PIDA boronate
and a solvent, with a solid-supported ammonium hydroxide
reagent, thereby deprotecting the chiral, non-racemic PIDA
boronate and forming a boronic acid and a PIDA.

An aspect of the ivention 1s a method of deprotecting a
chiral, non-racemic pinene-derived i1minodiacetic acid
(PIDA) boronate. The method includes the step of contacting
a solution comprising the chiral, non-racemic PIDA boronate
and a solvent with an aqueous solution of NaOH, thereby
deprotecting the chiral, non-racemic PIDA boronate and
forming a boronic acid and a PIDA ligand.

In certain embodiments, the chiral, non-racemic PIDA bor-
onate 1s represented by

()
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wherein:
B is a boron atom having sp> hybridization;
R* 1s a chiral group

R23

i

RZ | RZZ

of at least 90% enantiomeric excess;

R*" and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 5-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of N,
O, and S;

R*® is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R' is selected from the group consisting of

XJ’

R'' and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxvl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'' and any one instance of R', or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen;

cach instance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR”:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis 0, 1, or 2;

nis 0, 1, or 2; and

p1s 0,1, or 2.
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Additional aspects, embodiments, and advantages of the
invention are discussed below 1n detail.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 represents, generically, the chemical structure and
reactions ol compounds of formula (I) of the invention.

FIG. 2 represents chemical structure and reactions of stable
a.-boryl aldehyde 4, Ipc=isopinocamphenyl.
d.r.=diastereomeric ratio.

FIG. 3 1s a series of variable-temperature NMR spectra of
2aand 3a. Spectra were collected1n 1,1,2,2-tetrachloroethane
at the 1indicated temperatures.

FIG. 4 1s a photograph of one embodiment of a fully auto-
mated small molecule synthesizer comprising modules for (1)
deprotection, (1) cross-coupling, and (111) purification, all of
which are under the control of a computer equipped with
custom-designed soitware.

FIG. 5 depicts (top) a design schematic of one embodiment
of an automated small molecule synthesizer and (bottom) an
example of the connectivity of the various pumps, valves,
ports and tubes; wherein (1) denotes solvent reservoirs; (2)
denotes a drying and degassing table; (3) denotes a heating
block and stir-plate; (4) denotes solenoid valves and gas
mamnifolds; (5) denotes a deprotection table; (6) denotes a
purification table; (7) denotes a valve module (with one
example of a valve map shown 1n FIG. 5); (8) denotes main
syringe pumps; (9) denotes a syringe pump for purification;
and (10) denotes a syringe pump for aqueous reactions.

FIG. 6 depicts photographs of exemplary reaction tubes,
tubing and fittings.

FIG. 7 depicts an example of a valve map.

FIG. 8 depicts an example of a reaction tube.

FIG. 9 1s a schematic of an example of an aqueous depro-
tection module.

FIG. 10 depicts an example of a precipitation chamber and
s1lica column.

FIG. 11 depicts an example of a drying and degassing tube.

FIG. 12 depicts (A) automated aqueous deprotection of
phenyl MIDA boronate and subsequent automated cross-cou-
pling of phenyl boronic acid with a vinyl 10dide bifunctional
building block; (B), automated aqueous deprotection of trie-
nyl MIDA boronate and subsequent automated cross-cou-
pling of trienyl boronic acid with a vinyl 10dide bifunctional
building block; and (C) automated aqueous deprotection of
butenyl MIDA boronate and subsequent automated cross-
coupling of butenyl boronic acid with an 1someric mixture of
dienyl vinyl 10dide bifunctional building blocks.

FIG. 13 depicts fully automated synthesis of all-trans-
retinal using an aqueous deprotection module.

FIG. 14 is a pair of '"H NMR spectra corresponding to (1) a

mock reaction mixture comprising a PIDA boronate, and (11)
the PIDA boronate after purification from the mixture.

DETAILED DESCRIPTION OF THE INVENTION

The invention 1s based at least 1n part on the discovery of a
pinene-derived iminodiacetic acid (PIDA) ligand that enables
the facile synthesis of a wide range of versatile Csp> chiral
boronate building blocks in a highly stereocontrolled fashion.
Together, the conformational ngidity of the iminodiacetic
acid framework protecting the boron atom having sp> hybrid-
ization and the chirality of the group appended to the nitrogen
atom, result in effective transter of stereochemical informa-
tion during functionalizations of the boronate due to enforced
proximity. See FIG. 1.
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Beginning with their discovery of the PIDA ligand, the
inventors have developed and characterized a class of chiral
IDA-based ligands and corresponding sterecoisomerically
enriched or substantially pure chiral organoboronic acids use-
tul 1n the preparation and use of boronate building blocks for
organic synthesis.

Certain aspects of the present invention are directed to
methods and apparatuses suitable for the automated stereo-
selective synthesis of small molecules comprising at least one
chiral center. In certain embodiments, the small molecules are
prepared by using a single reaction 1iteratively to unite a col-
lection of bifunctional building blocks having all of the
required functionality, oxidation states, and stereochemistry
pre-installed.

Definitions

The following defimitions are included to provide a clear
and consistent understanding of the specification and claims.

The articles “a” and “an” are used herein to refer to one or
to more than one (1.e., to at least one) of the grammatical
object of the article. By way of example, “an element” means
one element or more than one element.

The phrase “and/or,” as used herein in the specification and
in the claims, should be understood to mean “either or both”
of the elements so conjoined, 1.e., elements that are conjunc-
tively present 1n some cases and disjunctively present in other
cases. Multiple elements listed with “and/or” should be con-
strued 1n the same fashion, 1.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other
than the elements specifically identified by the “and/or”
clause, whether related or unrelated to those elements spe-
cifically identified. Thus, as a non-limiting example, a refer-
ence to “A and/or B, when used 1n conjunction with open-
ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other
than B); in another embodiment, to B only (optionally includ-
ing elements other than A); 1n yet another embodiment, to
both A and B (optionally including other elements); etc.

As used herein 1n the specification and 1n the claims, “or”
should be understood to have the same meaning as “and/or”
as defined above. For example, when separating items 1n a
list, “or” or “and/or” shall be interpreted as being inclusive,
1.€., the inclusion of at least one, but also including more than
one, of a number or list of elements, and, optionally, addi-
tional unlisted items. Only terms clearly indicated to the
contrary, such as “only one of” or “exactly one of,” or, when
used 1n the claims, “consisting of,” will refer to the inclusion
of exactly one element of a number or list of elements. In
general, the term “or’” as used herein shall only be interpreted
as indicating exclusive alternatives (i.e., “one or the other but
not both™) when preceded by terms of exclusivity, such as
“either,” “one ol,” “only one of,” or “exactly one of” “Con-
s1sting essentially of,” when used 1n the claims, shall have 1ts
ordinary meaning as used in the field of patent law.

As used herein 1n the specification and 1n the claims, the
phrase “at least one,” 1n reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements 1n the list of
clements, but not necessarily including at least one of each
and every element specifically listed within the list of ele-
ments and not excluding any combinations of elements 1n the
list of elements. This defimition also allows that elements may

optionally be present other than the elements specifically
identified within the list of elements to which the phrase “at

least one” refers, whether related or unrelated to those ele-
ments specifically i1dentified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently *“at least one of A and/or B”)
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can refer, 1n one embodiment, to at least one, optionally
including more than one, A, with no B present (and optionally
including elements other than B); 1n another embodiment, to
at least one, optionally including more than one, B, with no A
present (and optionally including elements other than A); in
yet another embodiment, to at least one, optionally including
more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.

It should also be understood that, unless clearly indicated
to the contrary, 1n any methods claimed herein that include
more than one step or act, the order of the steps or acts of the
method 1s not necessarily limited to the order in which the
steps or acts of the method are recited.

In the claims, as well as 1 the specification above, all
transitional phrases such as “comprising,” “including,” “car-
rying,” “having,” “containing,” ‘“involving,” “holding,”
“composed of,” and the like are to be understood to be open-
ended, 1.e., to mean 1ncluding but not limited to. Only the
transitional phrases “consisting of” and “‘consisting essen-
tially of”” shall be closed or semi-closed transitional phrases,
respectively, as set forth 1 the United States Patent Office
Manual of Patent Examining Procedures, Section 2111.03.

For the purposes of this invention, the chemical elements
are 1dentified in accordance with the Periodic Table of the
Elements, CAS version, Handbook of Chemistry and Phys-
ics, 677 Ed., 1986-1987, inside cover.

The term “acyl” or “acyl group” means any group or radical
of the form —C(=—0O)R, where R 1s an organic group. An
example of the acyl group 1s the acetyl group (—C(=0)
CH,).

The term “acyloxy” or “acyloxy group” as used herein
refers to means an acyl group, as defined herein, appended to
the parent molecular moiety through an oxygen atom.

The term “alkenyl” or “alkenyl group” means a group
formed by removing a hydrogen from a carbon of an alkene,
where an alkene 1s an acyclic or cyclic compound consisting
entirely of hydrogen atoms and carbon atoms, and including
at least one carbon-carbon double bond. An alkenyl group
may include one or more substituent groups.

The term “alkoxy” or “alkoxy group’ as used herein means
an alkyl group, as defined herein, appended to the parent
molecular moiety through an oxygen atom. Representative
examples of alkoxy include, but are not limited to, methoxy,
cthoxy, propoxy, 2-propoxy, butoxy, tert-butoxy, pentyloxy,
and hexyloxy. The terms “alkyenyloxy”, “alkynyloxy”, “car-
bocyclyloxy”, and “heterocyclyloxy” are likewise defined.

The term “alkyl” or “alkyl group” means a group formed
by removing a hydrogen from a carbon of an alkane, where an
alkane 1s an acyclic or cyclic compound consisting entirely of
hydrogen atoms and saturated carbon atoms. In various
embodiments an alkyl contains 1 to 20, 1 to 15, or 1 to 10
carbon atoms. In one embodiment an alkyl contains 1 to 3
carbon atoms. Representative examples of alkyl include, but
are not limited to, methyl, ethyl, n-propyl, 1so-propyl, n-butyl,
sec-butyl, 1so-butyl, tert-butyl, n-pentyl, 1sopentyl, neopen-
tyl, n-hexyl, 2-methylcyclopentyl, 1-(1-ethylcyclopropyl)
cthyl and 1-cyclohexylethyl. An alkyl group may include one
or more substituent groups.

The term “alkynyl group” means a group formed by
removing a hydrogen from a carbon of an alkyne, where an
alkyne 1s an acyclic or cyclic compound consisting entirely of
hydrogen atoms and carbon atoms, and including at least one
carbon-carbon triple bond. An alkynyl group may include one
or more substituent groups.

The term “amino™, “amino group”, or “amine” as used
herein refers to —NH, and substituted derivatives thereof

wherein one or both of the hydrogens are independently
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replaced with substituents selected from the group consisting,
of alkyl, haloalkyl, fluoroalkyl, alkenyl, alkynyl, carbocyclyl,
heterocyclyl, aryl, aralkyl, heteroaryl, heteroaralkyl, alkyl-
carbonyl, haloalkylcarbonyl, fluoroalkylcarbonyl, alkenyl-
carbonyl, alkynylcarbonyl, carbocyclylcarbonyl, heterocy-
clylcarbonyl, arylcarbonyl, aralkylcarbonyl,
heteroarylcarbonyl, heteroaralkylcarbonyl, sufonyl, and
sulfinyl groups; or when both hydrogens together are
replaced with an alkylene group (to form a ring which con-
tains the nitrogen). Representative examples include, but are
not limited to methylamino, acetylamino, and dimethy-
lamino.

The term “amido” as used herein means an amino group, as
defined herein, appended to the parent molecular moiety
through a carbonyl.

The term “arylalkyl” or “aralkyl” as used herein means an
aryl group, as defined herein, appended to the parent molecu-
lar moiety through an alkyl group, as defined herein. Repre-
sentative examples of aralkyl include, but are not limited to,
benzyl, 2-phenylethyl, 3-phenylpropyl, and 2-naphth-2-yl-
cthyl.

The term “aromatic” or “aromatic group’ refers to a planar
or polycyclic structure characterized by a cyclically conju-
gated molecular moiety containing 4n+2 electrons, wherein n
1s the absolute value of an 1nteger. Aromatic molecules con-
taining fused, or joined, rings also are referred to as bicyclic
aromatic rings. For example, bicyclic aromatic rings contain-
ing heteroatoms 1n a hydrocarbon ring structure are referred
to as bicyclic heteroaryl rings.

The term “aryl” or “aryl group” means a group formed by
removing a hydrogen from a ring carbon atom of an aromatic
hydrocarbon. An aryl group may by monocyclic or polycyclic
and may 1nclude one or more substituent groups.

The term “‘aryloxy” or “aryloxy group” as used herein
means an aryl group, as defined herein, appended to the parent
molecular moiety through an oxygen atom. The term “het-
eroaryloxy” or “heteroaryloxy group” as used herein means a
heteroaryl group, as defined herein, appended to the parent
molecular moiety through an oxygen atom. An aryloxy group
may include one or more substituent groups.

The term “azido’ as used herein means a —N; group.

The term “carbonyl” as used herein refers toa —C(—0)—
group.

The term “chemical transform” of a substance means a
product of a chemical transformation of the substance, where
the product has a chemical structure different from that of the
substance.

The term “chemical transformation” means the conversion
of a substance 1nto a product, irrespective of reagents or
mechanisms involved.

The term “cyano” as used herein means a —C=N group.

The term “cyclic” pertains to compounds and/or groups
which have one or more rings (e.g., spiro, fused, bridged).

The term “cycloalkyl” or “cycloalkyl group™ 1s a subset of
alkyl which refers to a cyclic hydrocarbon radical containing
from 3 to 15, 3 to 10, or 3 to 7 carbon atoms. Representative
examples of cycloalkyl include, but are not limited to, cyclo-
propyl, cyclobutyl, cyclopentyl, and cyclohexyl. A cycloalkyl
group may include one or more substituent groups.

The term “enantiomeric excess” (ee) means the absolute
difference between the mole fraction of each enantiomer.

The term “functional group” means an atom or collection
of atoms 1n a molecule that are responsible for characteristic
chemical reactions of the molecule. Nonlimiting examples of
tfunctional groups include halogen, alcohol (—OH), aldehyde
(—CH=0), ketone (—C(=0)—), carboxylic acid (—C
(C—=—0)OH), thiol (—SH), sulfone, sulfoxide, amine, phos-
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phine, phosphite, phosphate, and combinations thereof. Of
particular interest as functional groups 1n connection with the
invention are alkenyl (olefinic) groups. Additional examples
ol organic groups including functional groups that may be
present 1n a protected organoboronic acid are illustrated or
described throughout the present application.

The term “group” means a linked collection of atoms or a
single atom within a molecular entity, where a molecular
entity 1s any constitutionally or 1sotopically distinct atom,
molecule, 10n, 1on pair, radical, radical 10n, complex, con-
former, etc., 1dentifiable as a separately distinguishable entity.
The description of a group as being “formed by” a particular
chemical transformation does not imply that this chemical
transformation is involved 1n making the molecular entity that
includes the group.

-

T'he term “halogen” means —F, —Cl, —Br or —I.

The term “heteroalkenyl” or “heteroalkenyl group™ means
a group formed by removing a hydrogen from a carbon of a
heteroalkene, where a heteroalkene 1s an acyclic or cyclic
compound consisting entirely of hydrogen atoms, carbon
atoms, and one or more heteroatoms, and including at least
one carbon-carbon double bond. A heteroalkenyl group may
include one or more substituent groups.

The term “heteroalkyl group” means a group formed by
removing a hydrogen from a carbon of a heteroalkane, where
a heteroalkane 1s an acyclic or cyclic compound consisting
entirely of hydrogen atoms, saturated carbon atoms, and one
or more heteroatoms. A heteroalkyl group may include one or
more substituent groups.

The term “heteroalkynyl” or “heteralkynyl group” means a
group formed by removing a hydrogen from a carbon of a
heteroalkyne, where a heteroalkyne 1s an acyclic or cyclic
compound consisting entirely of hydrogen atoms, carbon
atoms and one or more heteroatoms, and including at least
one carbon-carbon triple bond. A heteroalkynyl group may
include one or more substituent groups.

The term “heteroaralkyl”, *“heteroaralkyl group”, “het-
eroarylalkyl”, or “heteroarylalkyl group” as used herein
means a heteroaryl, as defined herein, appended to the parent
molecular moiety through an alkyl group, as defined herein.
Representative examples of heteroarylalkyl include, but are
not limited to, pyridin-3-ylmethyl and 2-(thien-2-yl)ethyl. A
heteroaralkyl group may include one or more substituent
groups.

The term “heteroaromatic” or “heteroaromatic group’ as
used herein means an aromatic group as defined herein, in
which at least one carbon atom 1s replaced by a heteroatom.
Representative examples of heteroaromatic groups include,
without limitation, pyrrolyl, furanyl, thiophenyl, imidazolyl,
oxazolyl, thiazolyl, pyrazolyl, pyridinyl, pyrimidinyl, puri-
nyl, quinolinyl, 1soquinolinyl, and carbazolyl. A heteroaro-
matic group may include one or more substituent groups.

The term “heteroaryl” or “heteroaryl group” as used herein
means a radical of aromatic ring systems, including, but not
limited to, monocyclic, bicyclic and tricyclic rings, which
have 3 to 12 atoms including at least one heteroatom, such as
nitrogen, oxygen, or sulfur. Representative examples of het-
eroaryl groups include, without limitation, aminobenzimida-
zolyl, benzimidazolyl, azaindolyl, benzo(b)thienyl, benzimi-
dazolyl, benzofuranyl, benzoxazolyl, benzothiazolyl,
benzothiadiazolyl, benzotriazolyl, benzoxadiazolyl, furanyl,
imidazolyl, imidazopyridinyl, indolyl, indolinyl, indazolyl,
1soindolinyl, 1soxazolyl, 1sothiazolyl, 1soquinolinyl, oxadia-
zolyl, oxazolyl, purinyl, pyranyl, pyrazinyl, pyrazolyl, pyridi-
nyl, pyrimidinyl, pyrrolyl, pyrrolo[2,3-d]pyrimidinyl, pyra-
zolo[3,4-d]pyrimidinyl, quinolinyl, quinazolinyl, triazolyl,
thiazolyl, thiophenyl, tetrahydroindolyl, tetrazolyl, thiadiaz-
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olyl, thienyl, thiomorpholinyl, triazolyl or tropanyl. The het-
eroaryl groups of the mvention may include one or more
substituent groups.

The term “heteroatom” means any atom that 1s not carbon
or hydrogen. In certain embodiments a heteroatom 1s an atom
selected from any of nitrogen, oxygen, sulfur, and phospho-
Ius.

The term “heterocyclyl”, “heterocyclic”, or “heterocyclic
group”’ as used herein refers to a radical of a non-aromatic
ring system, including, but not limited to, monocyclic, bicy-
clic and tricyclic rings, which can be completely saturated or
which can contain one or more units of unsaturation, and has
3 to 12 atoms including at least one heteroatom, such as
nitrogen, oxygen, or sulfur. For the avoidance of doubt, the
degree of unsaturation does not result 1n an aromatic ring
system. For purposes of exemplification, which should not be
construed as limiting the scope of this invention, the follow-
ing are examples of heterocyclic rings: aziridinyl, azirinyl,
oxiranyl, thiiranyl, thirrenyl, dioxiranyl, diazirinyl, azetyl,
oxetanyl, oxetyl, thietanyl, thietyl, diazetidinyl, dioxetanyl,
dioxetenyl, dithietanyl, dithietyl, furyl, dioxalanyl, pyrrolyl,
oxazolyl, thiazolyl, imidazolyl, oxadiazolyl, thiadiazolyl,
triazolyl, triazinyl, 1sothiazolyl, 1soxazolyl, thiophenyl, pyra-
zolyl, tetrazolyl, pyridyl, pyridazinyl, pyrimidinyl, pyrazinyl,
triazinyl, tetrazinyl, quinolinyl, 1soquinolinyl, quinoxalinyl,
quinazolinyl, pyridopyrazinyl, benzoxazolyl, benzothiophe-
nyl, benzimidazolyl, benzothiazolyl, benzoxadiazolyl, benz-
thiadiazolyl, indolyl, benztriazolyl, naphthyridinyl, azepines,
azetidinyl, morpholinyl, oxopiperidinyl, oxopyrrolidinyl,
piperazinyl, piperidinyl, pyrrolidinyl, qunicludinyl, thio-
morpholinyl, tetrahydropyranyl and tetrahydrofuranyl. The
heterocyclyl groups of the invention may include one or more
substituent groups.

The term “heteroaryl group™ means a group formed by
replacing one or more methine (—C—) and/or vinylene
(—CH=—CH—) groups in an aryl group with a trivalent or
divalent heteroatom, respectively. A heteroaryl group may by
monocyclic or polycyclic and may include one or more sub-
stituent groups.

The term “hydroxyl” or “hydroxyl group™ as used herein
means an —OH group.

The term “organic group” means a group containing at
least one carbon atom.

The term “organoboronic acid” means a compound repre-
sented by R—B(OH),, where R 1s an organic group that 1s
bonded to the boron through a boron-carbon bond.

The term “phosphinyl” as used herein includes —PH, and
substituted derivatives thereotf wherein one, two or three of
the hydrogens are imndependently replaced with substituents
selected from the group consisting of alkyl, haloalkyl, fluo-
roalkyl, alkenyl, alkynyl, carbocyclyl, heterocyclyl, aryl,
aralkyl, heteroaryl, heteroaralkyl, alkoxy, haloalkoxy, fluoro-
alkyloxy, alkenyloxy, alkynyloxy, carbocyclyloxy, heterocy-
clyloxy, aryloxy, aralkyloxy, heteroaryloxy, heteroaralky-
loxy, and amino.

The term “phosphoryl™ as used herein refers to —P(=—0)
OH, and substituted derivatives thereot wherein one or both
of the hydroxyls are independently replaced with substituents
selected from the group consisting of alkyl, haloalkyl, fluo-
roalkyl, alkenyl, alkynyl, carbocyclyl, heterocyclyl, arvyl,
aralkyl, heteroaryl, heteroaralkyl, alkoxy, haloalkoxy, fluoro-
alkyloxy, alkenyloxy, alkynyloxy, carbocyclyloxy, heterocy-
clyloxy, aryloxy, aralkyloxy, heteroaryloxy, heteroaralky-
loxy, and amino.
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The term “protected organoboronic acid” means a chemi-
cal transform of an organoboronic acid, in which the boron
has a lower chemical reactivity relative to the original orga-
noboronic acid.

The term “silyl” as used herein includes H,S1— and sub-
stituted derivatives thereot wherein one, two or three of the
hydrogens are independently replaced with substituents
selected from alkyl, haloalkyl, fluoroalkyl, alkenyl, alkynyl,
carbocyclyl, heterocyclyl, aryl, aralkyl, heteroaryl, and het-
croaralkyl. Representative examples include trimethylsilyl
(TMS), tert-butyldiphenylsilyl (TBDPS), tert-butyldimethyl-
silyl (TBS/TBDMS), triisopropylsilyl (TIPS), and [2-(trim-
cthylsilyl)ethoxy|methyl (SEM).

The term “sp” hybridization™ means that an atom is bonded
and/or coordinated 1n a configuration having a tetrahedral
character of at least 50%. For tetracoordinate boron atoms,
the tetrahedral character of the boron atom 1s calculated by the
method of Hoptl, H. (1999) J Organomet Chem 581:129-49,
In this method, the tetrahedral character (THC) 1s defined as:

THC 4(%)=100x(1-(Z,—; ¢/109.5-0,,1°/90°))

where 0 1s one of the six bond angles of the boron atom.

The term “substituent” or “substituent group” means a
group that replaces one or more hydrogen atoms 1n a molecu-
lar entity. Except as may be specified otherwise, substituent
groups can include, without limitation, alkyl, alkenyl, alky-
nyl, halo, haloalkyl, fluoroalkyl, hydroxy, alkoxy, alkyeny-
loxy, alkynyloxy, carbocyclyloxy, heterocyclyloxy,
haloalkoxy, fluoroalkyloxy, sulthydryl, alkylthio, haloalky-
Ithio, fluoroalkylthio, alkyenylthio, alkynylthio, sulfonic
acid, alkylsulfonyl, haloalkylsulfonyl, fluoroalkylsulfonyl,
alkenylsultfonyl, alkynylsulfonyl, alkoxysulfonyl, haloalkox-
ysultonyl, fluoroalkoxysulfonyl, alkenyloxysulionyl, alky-
nyloxysulfony, aminosulfonyl, sulfinic acid, alkylsulfinyl,
haloalkylsulfinyl, fluoroalkylsulfinyl, alkenylsulfinyl, alky-
nylsulfinyl, alkoxysulfinyl, haloalkoxysulfinyl, fluoroalkox-
ysulfinyl, alkenyloxysulfinyl, alkynyloxysulfiny, aminosulfi-
nyl, formyl, alkylcarbonyl, haloalkylcarbonyl,
fluoroalkylcarbonyl, alkenylcarbonyl, alkynylcarbonyl, car-
boxyl, alkoxycarbonyl, haloalkoxycarbonyl, fluoroalkoxy-
carbonyl, alkenyloxycarbonyl, alkynyloxycarbonyl, alkyl-
carbonyloxy, haloalkylcarbonyloxy, fluoroalkylcarbonyloxy,
alkenylcarbonyloxy, alkynylcarbonyloxy, alkylsulionyloxy,
haloalkylsulfonyloxy, fluoroalkylsulfonyloxy, alkenylsulio-
nyloxy, alkynylsulfonyloxy, haloalkoxysulfonyloxy, fluoro-
alkoxysulfonyloxy, alkenyloxysulfonyloxy, alkynyloxysul-
fonyloxy, alkylsulfinyloxy, haloalkylsulfinyloxy,
fluoroalkylsulfinyloxy, alkenylsulfinyloxy, alkynylsulfiny-
loxy, alkoxysulfinyloxy, haloalkoxysulfinyloxy, fluoroalkox-
ysulfinyloxy, alkenyloxysulfinyloxy, alkynyloxysulfinyloxy,
aminosulfinyloxy, amino, amido, aminosulfonyl, aminosulfi-
nyl, cyano, nitro, azido, phosphinyl, phosphoryl, silyl, and
silyloxy.

The term ““sulfiny]” as used herein refers to a —S(=—0)—
group.

The term “sulfonyl” as used herein reters to a —S(=—0),—
group.

The term “tnalkylsilyloxy” or “tnialkylsilyloxy group” as
used herein refers to a trialkylysilyl group, as defined herein,
appended to the parent molecular moiety through an oxygen
atom.

Exemplary Chiral IDA Compounds

An aspect of the mmvention 1s novel iminodiacetic acid
(IDA) molecules. The novel IDA molecules of the invention
include at least one chiral carbon atom or have appended to
them through the nitrogen atom a substituent characterized by
having at least one chiral carbon atom. In one embodiment the
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novel IDA molecules of the invention include at least one
chiral carbon atom and have appended to them through the
nitrogen atom a substituent characterized by having at least
one chiral carbon atom.

In one embodiment the IDA molecules of the mvention
have appended to them through the nitrogen atom a chiral
group R*. In one embodiment the IDA molecules of the
invention have appended to them through the nitrogen atom a
chiral group R* of at least 90% enantiomeric excess.

In one embodiment an IDA molecule of the invention 1s a
compound of formula (III)

(I11)

*R
R! ‘ 3
N R
RZ \ﬁ R4
HO,C CO-H
wherein:

R* 1s a chiral group
R23.

i

RZ | R22

R*" and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl, aryl,
heteroaryl, aralkyl, and heteroaralkyl; or R*" and R**, taken
together, form a 5-10-membered cycloalkyl or aromatic ring,
or form a 5-10-membered heterocyclic or heteroaromatic ring
comprising 1-3 heteroatoms independently selected from the
group consisting of N, O, and S;

R*® is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl, and
heteroaralkyl;

R' and R” are both hydrogen or identically selected (C1-
C3)alkyl;

R and R” are both hydrogen or identically selected (C1-
C3)alkyl; and

m 1s an mteger 0, 1, or 2.

In one embodiment the IDA molecule in accordance with
tormula (III) 1s not

X
‘ P Me
N
}1026r 102}1.

In one embodiment, R* 1s
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In one embodiment, R* 1s

In one embodiment, R* 1s

W
L "‘

\/ i/ ’s,,

-

In one embodiment, R* 1s

N
\/: ;CH3.

In one embodiment, R* 1s

N
\/\ﬁHCHB-

NN,

In one embodiment, R* 1s

N
N

In one embodiment, R*' and R**, taken together, form a
5-10-membered cycloalkyl or aromatic ring, or form a 5-10-
membered heterocyclic or heteroaromatic ring comprising

1-3 heteroatoms imndependently selected from the group con-
sisting of N, O, and S.

In one embodiment, R* 1s

CHa.
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In one embodiment, R* 1s

CHs.

In one embodiment, R* 1s

S
Sogy
oy
o
»
x
-
"
.
-
”,

l-l",f;!
CHa.

In one embodiment, R* 1s

OBn.

<

In one embodiment, R* 1s

‘OBn.

-

In one embodiment, R* 1s

: YOBn.

In one embodiment, m in any one of the foregoing embodi-
ments 1s 0.

In one embodiment, R* 1n any one of the foregoing
embodiments 1s a chiral group of at least 90% enantiomeric
excess. In one embodiment, R* i any one of the foregoing
embodiments 1s a chiral group of at least 95% enantiomeric
excess. In one embodiment, R* in any one of the foregoing
embodiments 1s a chiral group of at least 98% enantiomeric
excess. In one embodiment, R* i any one of the foregoing
embodiments 1s a chiral group of at least 99% enantiomeric
€XCeSSs.

In an alternative embodiment, all else being the same, R'
and R*, and/or R® and R?, are independently selected from the
group consisting of hydrogen and (C1-C3)alkyl.

In one embodiment, an IDA molecule of the invention 1s
selected from the group consisting of
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B
Me /
r Nw ( NW
HO,C CO,H, HO,C co,H
MeO
‘ \ Me
/ Me Me Me
Y 9
r N\‘ ( Nﬁ
HO,C CO,H,  HO,C CO-H,
‘ AN A OMe
/ Me
r NW r NW
HO,C CO,H, HOC CO,H,
E W Me
r NW r Nﬁ
HO,C CO»H, HO,C COH | and
OBn.
g NT
HO,C CO,H

In one embodiment, an IDA molecule of the invention 1s
selected from the group consisting of

N

HO,C CO,H, HO,C CO,H,
X N X
\ \
Y
; X
C ) ~
HO,C CO>H HO,C CO>H
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-continued -continued
MeQO
~ X O\
‘ / “\ME 5 Y OBH
f}:\
HO,C CO,H
10
In one embodiment, an IDA molecule of the invention 1s
selected from the group consisting of
15
B
“‘Me /
20 NW (iw
HO,C CO,H, HO-C CO.H |
MeO
X Me
25 ‘
\/ &Me Me Me
\ Me
N N
) ( ﬁ ( ﬁ
HO,C CO,H,  HO-C CO,H,
35 ‘ X NF OMe
/ Me
N N
40 ( W r W
HO,C CO,H, HO,C CO,H,
45
Y Me
50 HO,C CO,H, HO)C COH | and
0B,
55 er
HO,C CO,H
60 In one embodiment the IDA molecules of the invention
include at least one chiral carbon atom. In one embodiment
the IDA molecules of the invention include at least one chiral
carbon atom, wherein the chiral carbon atom 1s a chiral car-
o5 bon atom of at least 90% enantiomeric excess.

In one embodiment an IDA molecule of the invention 1s a
compound of formula (IV)



US 9,012,658 B2

19

(IV)

R1 No %
R2>( R3 0
wherein:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R>" is selected from the group consisting of hydrogen and
(C1-C3)alkyl; and

qis 1 or2.

In one embodiment, the IDA molecule 1n accordance with
formula (IV) 1s not

BN

N CO,H.

N

CO,H

In one embodiment, g 1s 1 1n any one of the foregoing
embodiments.

In one embodiment the carbon atom marked “*” 1n formula
(IV) 1s a chiral carbon atom of at least 90% enantiomeric
excess. In one embodiment, the carbon atom marked “*” 1n
formula (IV) 1n any one of the foregoing embodiments 1s a
chiral carbon of at least 95% enantiomeric excess. In one
embodiment, the carbon atom marked “*” 1n formula (IV) 1n
any one of the foregoing embodiments 1s a carbon atom of at
least 98% enantiomeric excess. In one embodiment, the car-
bon atom marked “*” in formula (IV) in any one of the

foregoing embodiments 1s a carbon atom of at least 99%
enantiomeric excess.

In an alternative embodiment, all else being the same, R’
and R* are independently selected from the group consisting,

of hydrogen and (C1-C3)alkyl.

As 1s described 1n greater detail below, the foregoing IDA
molecules and certain IDA molecules similar to the foregoing,
may be referred to as ligands and are useful for forming or
preparing stercoisomerically enriched or substantially pure
chiral organoboronic acid molecules of the imnvention.

An aspect of the mnvention concerns certain novel stereo-
selective protected organoboronic acid compounds. These
stereoselective protected organoboronic acid compounds of
the present invention share certain features and advantages of
MIDA boronate compounds disclosed in US 2009/0030238,
but they include the additional feature of having a chiral
carbon, present 1n substantial enantiomeric excess, thatis part
of or appended to an IDA-derived ligand 1n such a manner as
to be able to transfer stereochemical information to the
organic group due to enforced proximity between the chiral
center and the organic group.

In particular, an aspect of the invention 1s a compound of
tormula (I):
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(D)

N_
RIO_B{___ /&O
N/ o

wherein:
B is a boron atom having sp> hybridization;
R* 1s a chiral group

R23

i

R2 | R22

of at least 90% enantiomeric excess:

R*! and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and
R=*, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 3-10-membered heterocyclic

or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of N,
O, and S;

R*> is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R'® is selected from the group consisting of

R12 R12
N F i RIL
R]Z RIZ
X
# \%
AP 2
/
R“'
#
R!12 X' X'

R" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'' and any one instance of R'?, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen:;

cach istance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;
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R> and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis 0, 1, or 2;

nis 0, 1, or 2; and

p1s 0, 1, or 2.

In an alternative embodiment, all else being the same, R'
and R*, and/or R® and R*, are independently selected from the
group consisting of hydrogen and (C1-C3)alkyl.

In one embodiment, R* 1s

By

In one embodiment, R* 1s

By

In one embodiment, R* 1s

In one embodiment, R* 1s selected from the group consist-
ing of

)

: :CH3.

In one embodiment, R* 1s selected from the group consist-
ing of

CH;  and

{

N =
\/\iCHg and \ ‘ \iCH}

In one embodiment, R* 1s selected from the group consist-
ing of
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In one embodiment, R*' and R**, taken together, form a
5-10-membered cycloalkyl or aromatic ring, or form a 5-10-
membered heterocyclic or heteroaromatic ring comprising

1> 1.3 heteroatoms independently selected from the group con-

sisting of N, O, and S.

In one embodiment, R* 1s

CHs,.

In one embodiment, R* 1s

CHa.

In one embodiment, R* 1s

+

CHs.

In one embodiment, R* 1s

OBn.

In one embodiment, R* 1s

‘OBn.
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In one embodiment, R* 1s

:: YOBnn.

In accordance with any one of the foregoing embodiments,
in one embodiment, R and R°® are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, m 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment,
m 1s 1. Alternatively, in accordance with any one of the
foregoing embodiments, 1n one embodiment, m 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, in one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R'® is

n is 0, p is 0, each instance of R'? is hydrogen, and R'" is
selected from the group consisting of aryl and methyl.

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R19is

XJ’

nis 0, X'is CH,, and R'" is methyl.

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R'is

HO

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R19is
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1TBSO

In accordance with any one of the foregoing embodiments,
in one embodiment, R* 1s a chiral group

of at least 95% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23

rt

R2 | R22

of at least 98% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23

r

R2 | R22

of at least 99% enantiomeric excess.

It will be appreciated that R'® represents an organic group
bonded to the boron atom through a B—C bond. Alternatively
or in addition to embodiments of R*® recited above, R*" can.
in accordance with this and other aspects of the mvention,
represent any suitable radical dertved from a prochiral com-
pound, including, for example, prochiral compounds dis-
closed in U.S. Pat. Nos. 4,713,380, 4,772,752, 5,068,432, and
5,159,116 (all four of which are incorporated by reference) to
H. C. Brown, and including, but not limited to, cis-alkenes,
trans-alkenes, cycloalkenes, phenyl-substituted alkenes, het-
erocyclic olefins, 2,3-dihydrofuran, 2,3-dihydrothiophene,
3.,4-dihydro-2H-pyran, 3,4-dihydro-2H-thiophan, prochiral
ketones, acetylenic ketones, aralkyl ketones, heteroaralkyl
ketones, 3,3-dimethyl-2-butanone, acetophenone, 3-methyl-
2-butanone, 2'-acetonapthone, 3-acetylpyridine, 2-acetylth-
iophene, butyrophenone, 1sobutyrophenone, pivalophenone,
1 -indanone, 2-butanone, ethyl 2,2-dimethylcyclopentanone,
2,2-dimethylcyclohexanone, spiro[4,4 |nonan-1-one, methyl
1 -methyl-2-oxo-cyclopentane carboxylate, 1-methyl-2-nor-
bornanone, haloarylalkylketone, acetylcyclohexane, 2.2-
dimethylcyclopentanone, 2-chloroacetophenone, methyl
benzoyliormate, trans-4-phenyl-3-buten-2-one, 2-cyclo-
hexen-1-one, 4-phenyl-3-butyn-2-one, and methylcyclohex-
anone.

Further in connection with stereoisomerically enriched or
substantially pure chiral organoboronic acid compounds of
the invention, an aspect of the imnvention 1s a compound of

tformula (II):
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(1)

wherein:
B is a boron atom having sp> hybridization;

the carbon atom marked “*”° 1s a chiral carbon atom of at
least 90% enantiomeric excess:

R' is selected from the group consisting of

RIZ R]Z
N F ) R
R]Z RJZ
X
1 \%
L Z4
V4
R“, and R11
RI2 X X

R'" and each instance of R'* are independently selected
from the group consisting of hydrogen, halogen,
hydroxvl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R'?, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen:;

cach instance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R' and R” are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ and R’" are independently selected from the group con-
sisting of hydrogen and (C1-C3)alkyl;

nis 0, 1, or 2;

p1s 0,1, or 2; and
qis 1 or2.

In an alternative embodiment, all else being the same, R’
and R* are independently selected from the group consisting,

of hydrogen and (C1-C3)alkyl.
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In one embodiment, the compound of formula (II) 1s

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, g 1s 1. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, g
1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R*® is

n is 0, p is 0, each instance of R'* is hydrogen, and R'" is
selected from the group consisting of aryl and methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

Rll
X!

nis 0, X'is CH,, and R"" is methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

7

HO

Alternatively, in accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

7

1TBSO
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In accordance with any one of the foregoing embodiments,
in one embodiment the carbon atom marked “*” 1s a chiral
carbon atom of at least 95% enantiomeric excess. In accor-
dance with any one of the foregoing embodiments, in one
embodiment the carbon atom marked “*” 1s a chiral carbon
atom of at least 98% enantiomeric excess. In accordance with
any one of the foregoing embodiments, in one embodiment
the carbon atom marked “*” 1s a chiral carbon atom of at least
99% enantiomeric €xXcess.

Exemplary Methods Relating to Chiral IDA Compounds

Protected organoboronic acids according to formula (I)
may be prepared by reaction of an appropriate N-substituted
imino-di-carboxylic acid, such as appropriate ligands
described above (e.g., 1n accordance with formula (I11)), with

the corresponding unprotected boronic acid of formula (V),
as 1llustrated 1n the following reaction scheme:

%R Rl
| R] R/ R
R’ N R’ Ny R4
/OH HO,C CO-H R —B—_ ~ 0
- \
RI0—_p - . O
\ mild aqueous O
base
OH M
(V)

In a specific example, protected organoboronic acids
according to formula (I) may be prepared by reaction of
N-pinene-iminodiacetic acid (PIDA) with the corresponding,
unprotected boronic acid (V), as illustrated 1n the following
reaction scheme:

% R R
R! N R £ 4
N R
REX \|< R / /\\
OH 1o, CO-H RIO—B - 0O
/ - \ O
RI0_p - . O
mild aqueous O
base

(V)

In each case, the protected organoboronic acid may be
deprotected by contact with a mild aqueous base, to provide
the free boronic acid (V).

Protected organoboronic acids according to formula (I)
also may be prepared without using an 1solated boronic acid
as a reactant. The boronic acid may be formed 1n situ, just
prior to 1ts conversion to a protected organoboronic acid.
Protected organoboronic acids also may be formed without
ever forming the free boronic acid.

In one example, the boronic acid may be produced 1n situ,
such as by hydrolysis of a boronate ester (i.e., R"*—B—(OR"
(OR"), where R' and R" are organic groups). The boronate
ester may be formed, for example, by addition of HB(OR')
(OR") across the C—C multiple bond of an alkene or an
alkyne. Brown (1972) J Am Chem Soc 94:43°70-1. The bor-
onate ester also may be formed, for example, by a Miyaura
borylation (Miyaura et al. (1997) Tet Lett 38:344°7-50;
Mivyauraetal. (1995)J Org Chem 60:7508-10); by reaction of
an organohalide with an organolithtum reagent, followed by
reaction with boronate triester (1.e., B(OR);); or by reaction
of a boronate triester with an organometal reagent (i.e.,
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R—L1,R—Mg, R—7n; Brownetal. (1983) Organometallics
2:1316-9. In another example, the boronic acid may be pro-
duced 1n situ, such as by treatment of a tri-substituted borane
(i.e., R""—BR'R") with acetaldehyde (R' and R" are organic
groups). The tri-substituted borane may be formed, for
example, by hydroborylation of an alkene or an alkyne with
HBR'R", to add the HBR'R" across the C—C multiple bond.

In another example, a boronic halide (VI) may be reacted
with a diacid or its corresponding salt to provide protected
organoboronic acid (1), as 1llustrated 1n the following reaction
scheme:

*R R!
| R: R/ R
R N R’ \N . R4
Rh/ \Kw / &
OH  fgo,C CO,H RIO—B__ o 0O
R10__p - = \ O
\ mild aqueous O
OH base
(1)

(V)

The boronic halide may be formed by hydroborylation of
an alkene or an alkyne with HBX, (Brown (1984) Organo-
metallics 3:1392-5; Brown (1982) J Org Chem 477:3808-10)
or with BX,. Soundararajan et al. (1990) J Org Chem
55:22774-3. The boronic halide also may be formed by treat-
ment of a silane such as R'—SiR ., with BBr,. Qin (2002) J Am

Chem Soc 124:12672-3; (Qin (2004) Macromolecules
37:7123-31.

An aspect of the invention concerns a method of forming a
compound of formula (I)

()

The method includes the step of reacting a compound
represented by formula (111)

(I1T)

*R

R/ N R’

R2>‘/ \]<R4
HO,C CO,H

with a compound of formula (V)

R*®—B(OH), (V),

wherein:
B in formula (I) is boron having sp> hybridization:;
R* 1s a chiral group

R23

1

R2 | R22

of at least 90% enantiomeric excess;

R*!' and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 3-10-membered heterocyclic
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or heteroaromatic ring comprising 1-3 heteroatoms In one embodiment, R* 1s
independently selected from the group consisting of N,
O, and S;
R*> is selected from the group consisting of hydrogen, .
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;
R'? is selected from the group consisting of
10
In one embodiment, R* 1s
15 Y oo
X /
\/ f.r,:h
" N Z J\IV\II-IW\I‘ :
|
I Z5 20 _ _ _
2 In one embodiment, R* 1s selected from the group consist-
ing of
R“,

3 25
CH3 and CH3
R'" and each instance of R'* are independently selected
from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het- 39

eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and In one embodiment, R* is selected from the group consist-
trialkylsilyloxy; or R'* and any one instance of R*?, or  ing of

any two instances of R'>, taken together, form a 3-10-
membered ring;

35
X is halogen; N zZ ‘
cach instance of Z 1s independently selected from the group H CH. and H O
consisting of CH and N, provided that no more than two \/\? 3 x \? 3
instances of Z are N; : :
X' is selected from the group consisting of CR’R®, O, S, 0
and NR”: . . .
. , _ _ In one embodiment, R* 1s selected from the group consist-
R" and R” are both hydrogen or identically selected (C1- ing of
C3)alkyl;
R® and R* are both hydrogen or identically selected (C1- 45
C3)alkyl;
R> and R® are independently selected from the group con- IT ‘ I
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl, S-CHs and S -CHs.
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl, acy- ! '
loxy, aryloxy, amino, and trialkylsilyloxy; >0
R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl; In one embodiment, R*' and R**, taken together, form a
mis 0, 1, or 2; 5-10-membered cycloalkyl or aromatic ring, or form a 5-10-

55 membered heterocyclic or heteroaromatic ring comprising

nis 0, 1, or 2; and _
1-3 heteroatoms imndependently selected from the group con-

pis0,1,or2. sisting of N, O, and S.
In one embodiment, R* 1s In one embodiment, R* 1s
60
CHs.

65
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In one embodiment, R* 1s

CHs.

In one embodiment, R* 1s

CHa.

&
oy
iy

-
L ]
L ]

[ ]

»

)

-

-

In one embodiment, R* 1s

(O Bn.

<

In one embodiment, R* 1s

‘OBn.

g8

In one embodiment, R* 1s

(O Bn.

In accordance with any one of the foregoing embodiments,
in one embodiment, R> and R° are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, m 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, in one embodiment,
m 1s 1. Alternatively, in accordance with any one of the
foregoing embodiments, in one embodiment, m 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, in one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, in accordance with any one of the forego-

ing embodiments, 1n one embodiment, p 1s 2.
In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R*® is
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nis 0, p is 0, each instance of R'* is hydrogen, and R'" is
selected from the group consisting of aryl and methyl.

Alternatively, in accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R1° s

Xn’

nis 0, X'is CH,, and R"" is methyl.

Alternatively, in accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

HO/\/%

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

TBSO/\/%

In accordance with any one of the foregoing embodiments,
in one embodiment, R* 1s a chiral group

R23
/{A)HW

R2 | R22

of at least 95% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23
/{’R

R2 | RZZ

of at least 98% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group
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R23
/{,R

R21 R22

of at least 99% enantiomeric excess.
An aspect of the mnvention concerns a method of forming a
compound of formula (II)

(1)

The method includes the step of reacting a compound repre-
sented by formula (IV)

(IV)

R! N
R3U
RZ
HO,C CO>H

with a compound of formula (V)

R'*—B(OH); (V),

wherein:

B in formula (II) is a boron atom having sp” hybridization;

the carbon atom marked “*”” 1s a chiral carbon atom of at
least 90% enantiomeric excess;

R'® is selected from the group consisting of

R12 R12
\ PR ?
RIZ
Rll
, and

R'" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxvl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'' and any one instance of R", or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 15 halogen;

cach instance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two

instances of Z are N;
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X' is selected from the group consisting of CR’R®, O, S,
and NR”:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R~ and R° are independently selected from the group con-
sisting o hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ and R”" are independently selected from the group con-
sisting of hydrogen and (C1-C3)alkyl;

nis 0, 1, or 2;

p1s 0, 1, or 2; and

qis 1 or 2.

In one embodiment, the compound of formula (II) 1s

In accordance with any one of the foregoing embodiments,
in one embodiment, R and R°® are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, in accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, g 1s 1. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, g
1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R*® is

nis 0, p is 0, each instance of R'* is hydrogen, and R"" is
selected from the group consisting of aryl and methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

11
R,

XJ’

nis 0, X'is CH,, and R"" is methyl.
Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R1° s
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7

HO

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, 1n one embodiment,

R19is

7

1BSO

In accordance with any one of the foregoing embodiments,
in one embodiment the carbon atom marked “*” 1s a chiral
carbon atom of at least 95% enantiomeric excess. In accor-
dance with any one of the foregoing embodiments, in one
embodiment the carbon atom marked “*” 1s a chiral carbon
atom of at least 98% enantiomeric excess. In accordance with
any one of the foregoing embodiments, in one embodiment
the carbon atom marked “*” 1s a chiral carbon atom of at least
99% enantiomeric excess.

The stereoisomerically enriched or substantially pure
chiral organoboronic acids of the invention are useful in per-
forming stereoselective chemical reactions. In addition to the
use of the stereoisomerically enriched or substantially pure
chiral organoboronic acids of the invention, the stereoselec-
tive reactions can further include the use of one or more chiral
reagents, thereby achieving at least an additive effect 1n terms
ol the overall stereoselectivity of the reaction.

An aspect of the mvention 1s a method of performing a
stereoselective chemical reaction. The method includes the
step of contacting a compound of formula (I) with a reagent

(D

wherein:

R'® is chemically transformed in a stereoselective manner;
B is a boron atom having sp~ hybridization;

R* 1s a chiral group

R23
/{,\);X

| R22

of at least 90% enantiomeric excess;

R*' and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and
R=*, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 5-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of N,

O, and S;
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R*? is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R'® is selected from the group consisting of

R" and each instance of R'* are independently selected
from the group consisting of hydrogen, halogen,
hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R'*, or
any two instances of R'>, taken together, form a 3-10-
membered ring;

X 1s halogen;

cach instance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of 7 are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R* and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R°® are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mi1s 0, 1, or 2;

nis 0, 1, or 2; and

p1s 0, 1, or 2.

In an alternative embodiment, all else being the same, R’
and R”, and/or R® and R*, are independently selected from the
group consisting of hydrogen and (C1-C3)alkyl.

In one embodiment, R* 1s
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In one embodiment, R* 1s

5
10
In one embodiment, R* 1s
15
- . . 20
In one embodiment, R* 1s selected from the group consist-
ing of
= 25
CH; and ' CH;.
30
In one embodiment, R* 1s selected from the group consist-
ing of
35
F
H H
CH; and ' CH;.
M‘\in.rw w\.n.r:rmnr 40
In one embodiment, R* 1s selected from the group consist-
ing of
45
F
H ‘ H
S CH;  and ' £ _CHs.

In one embodiment, R*' and R**, taken together, form a
5-10-membered cycloalkyl or aromatic ring, or form a 5-10-
membered heterocyclic or heteroaromatic ring comprising 55
1-3 heteroatoms independently selected from the group con-

sisting of N, O, and S.
In one embodiment, R* 1s

60

CHs.
65
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In one embodiment, R* 1s

CHs.

In one embodiment, R* 1s

fﬁ"h ‘“‘\\

I KieiN

In one embodiment, R* 1s

ii; OBn.

In one embodiment, R* 1s

oy
‘OBn.

In one embodiment, R* 1s

(OBn.

In accordance with any one of the foregoing embodiments,
in one embodiment, R> and R° are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, m 1s 0. Alternatively, in accordance with
any one of the foregoing embodiments, in one embodiment,
m 1s 1. Alternatively, in accordance with any one of the
foregoing embodiments, in one embodiment, m 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, in accordance with any one of the forego-

ing embodiments, 1n one embodiment, p 1s 2.
In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R' is
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nis 0, p is 0, each instance of R"** is hydrogen, and R"" is
selected from the group consisting of aryl and methyl.

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R19is

Xn’

nis 0, X'is CH,, and R"'" is methyl.

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R'%is

HO/\/%

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, 1n one embodiment,
R'is

TBSO/\/%

In accordance with any one of the foregoing embodiments,
in one embodiment, R* 1s a chiral group

of at least 95% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23

r

RZ | RZZ

of at least 98% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group
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R23
/W

RZZ

of at least 99% enantiomeric excess.

In accordance with any one of the foregoing embodiments,
in one embodiment, the reagent 1s selected from the group
consisting of oxidants, nucleophiles, bases, and electrophiles.

In accordance with any one of the foregoing embodiments,
in one embodiment, reagent 1s meta-chloroperbenzoic acid

(mCPBA).

In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s selected from
epoxidation, nucleophilic substitution, electrophilic substitu-
tion, oxidation, dihydroxylation, carbonylation, alkenation,
cyclopropanation, cycloaddition, conjugate addition,
Michael addition, Diels-Alder reaction, and transition metal-
catalyzed cross-coupling reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the transition metal-catalyzed cross-cou-
pling reaction 1s a Suzuki-Miyaura reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the epoxidation is selected from the
group consisting of Sharpless epoxidation and Jacobsen
epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the reagent 1s a chiral reagent.

In accordance with any one of the foregoing embodiments,
in one embodiment, the reagent 1s an achiral reagent.

An aspect of the mmvention 1s a method of performing a
stereoselective chemical reaction. The method includes the
step of contacting a compound of formula (II) with a reagent

(1)

wherein:

R ' is chemically transformed in a stereoselective manner;

the carbon atom marked “*” 1s a chiral carbon atom of at
least 90% enantiomeric excess;

B is a boron atom having sp” hybridization;
R' is selected from the group consisting of
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Rl2
R, and R;
1 / ( 1
R12 X' X'

R'" and each instance of R'~ are independently selected
from the group consisting of hydrogen, halogen,
hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R'?, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen:;

cach instance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR”:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ and R*° are independently selected from the group con-
sisting of hydrogen and (C1-C3)alkyl;
nis 0, 1, or 2;

p1s 0, 1, or 2; and
qis 1 or 2.

In an alternative embodiment, all else being the same, R’
and R* are independently selected from the group consisting,

of hydrogen and (C1-C3)alkyl.

In one embodiment, the compound of formula (II) 1s

In accordance with any one of the foregoing embodiments,
in one embodiment, R> and R°® are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, in accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, g 1s 1. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, q
1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R*® is
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n is 0, p is 0, each instance of R"* is hydrogen, and R'" is
selected from the group consisting of aryl and methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

Rll
X!

nis 0, X'is CH,, and R'" is methyl.
Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, 1n one embodiment,

R1° s

7

HO

Alternatively, in accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R1° s

7

1TBSO

In accordance with any one of the foregoing embodiments,
in one embodiment the carbon atom marked “*” 1s a chiral
carbon atom of at least 95% enantiomeric excess. In accor-
dance with any one of the foregoing embodiments, 1n one
embodiment the carbon atom marked “*” 1s a chiral carbon
atom of at least 98% enantiomeric excess. In accordance with
any one of the foregoing embodiments, 1n one embodiment
the carbon atom marked “*” 1s a chiral carbon atom of at least
99% enantiomeric €xcess.

In accordance with any one of the foregoing embodiments,
in one embodiment, the reagent 1s selected from the group
consisting of oxidants, nucleophiles, bases, and electrophiles.

In accordance with any one of the foregoing embodiments,
in one embodiment, reagent 1s meta-chloroperbenzoic acid
(mCPBA).

In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s selected from
epoxidation, nucleophilic substitution, electrophilic substitu-
tion, oxidation, dihydroxylation, carbonylation, alkenation,
cyclopropanation, cycloaddition, conjugate addition,
Michael addition, Diels-Alder reaction, and transition metal-
catalyzed cross-coupling reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the transition metal-catalyzed cross-cou-
pling reaction 1s a Suzuki-Miyaura reaction.
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In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the epoxidation 1s selected from the
group consisting of Sharpless epoxidation and Jacobsen
epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the reagent 1s a chiral reagent.

In accordance with any one of the foregoing embodiments,
in one embodiment, the reagent 1s an achiral reagent.

Similar to protected organoboronic acids including a
MIDA boronate ester protecting group, sterecoisomerically
enriched or substantially pure chiral organoboronic acids of
the present invention are readily purified by column chroma-
tography. This 1s unusual for boronic acids, which are typi-
cally unstable to chromatographic techniques. These com-
pounds also may be highly crystalline, which facilitates
purification, utilization, and storage. These compounds are
extremely stable to long term storage, including storage on
the bench top under air. This 1s also unusual, as many boronic
acids are unstable to long term storage.

Stereoisomerically enriched or substantially pure chiral
organoboronic acids of the present invention are character-
1zed 1n part by conformational rigidity of an organic protect-
ing group. Conformational rigidity of an organic protecting
group bonded to a boron atom 1s determined by the following
“conformational rigidity test”. A 10 milligram (mg) sample of
a compound including a boron atom and an organic protecting
group bonded to the boron 1s dissolved 1n dry d.-DMSO and
transierred to an NMR tube. The sample 1s then analyzed by
"HNMR at temperatures ranging from 23° C. to at least 100°
C., e.g., to 150° C. At each temperature, the sample shim 1s
optimized and a 'H NMR spectrum is obtained. If the pro-
tecting group 1s not conformationally rigid, then split peaks
for a set of diastereotopic protons in the 'H NMR spectrum
obtained at 23° C. will coalesce into a single peak in the 'H
NMR spectrum obtained at 100° C. If the protecting group 1s
conformationally rigid, then split peaks for a set of diaste-
reotopic protons in the "H NMR spectrum obtained at 23° C.
will remain split and will not coalesce into a single peak in the
"H NMR spectrum obtained at 100° C.

Similar to the MIDA boronate compounds disclosed in US
2009/0030238, stercoisomerically enriched or substantially
pure chiral organoboronic acids of the present invention have
a number of advantageous properties. The IDA group 1s typi-
cally effective 1n decreasing the reactivity of the boronic acid
to which 1t 1s esterified. One possible explanation for this
decrease 1n reactivity 1s that a vacant, Lewis acidic boron
p-orbital 1s not available to react with other substances. For
example, the protected boron no longer has a vacant, Lewis
acidic p-orbital to complex with the palladium catalyst
involved 1n the Suzuki-Miyaura transformation. Thus, this
protection strategy should decrease the reactivity of any
boronic acid, including its reactivity toward the Suzuki-
Mivyaura transformation. In addition, the IDA boronate ester
group seems to be stable to a wide variety of reaction condi-
tions, besides cross-coupling. This stability may facilitate
their utilization in the synthesis of complex synthetic building
blocks that contain boronic acid functional groups.

Although these sp’-hybridized boronate esters having a
conformationally rigid protecting group bonded to the boron
are protected from anhydrous Suzuki-Miyaura coupling even
at 80° C. for 28 hours, deprotection can be readily achieved at
23° C. using extremely mild aqueous basic conditions. One
example of deprotection conditions 1s treatment with 1 molar
(M) aqueous sodium hydroxide (NaOH) in tetrahydrofuran
(THF) for 10 minutes. Another example of deprotection con-
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ditions 1s treatment with saturated aqueous sodium bicarbon-
ate (NaHCO,) 1in methanol (MeOH) for 6 hours. These mild
conditions are 1n contrast to typical protecting groups based
on boronate esters, which can require harsh cleavage condi-
tions.

Stereoisomerically enriched or substantially pure chiral
organoboronic acids including a boron atom having sp”
hybridization, a conformationally rigid protecting group
bonded to the boron atom, and an organic group may be usetul
as synthetic building blocks. Examples of building blocks
include protected haloorganoboronic acids. Further examples
of building blocks include bis-boronates having a first boron
atom having sp~ hybridization and a conformationally rigid
protecting group bonded to the first boron atom, and a second
boron atom that may be present as a boronic acid or as a
different type of protected boron. The protecting group 1n
cach of these building blocks 1s represented as the IDA bor-
onate ester. Protected organoboronic acid building blocks
may also include compounds having one or more substituent
groups on the protecting group, and/or having a different
group bonded to the nitrogen of the protecting group. For
example, the protecting groups 1n these building blocks may
be a protecting group as described for formula (I) or for
formula (II).

These reactions demonstrate some of the possible applica-
tions of protected organoboronic acids that include a boron
having sp” hybridization and having a conformationally rigid
protecting group bonded to the boron. These compounds may
be used for simple, highly modular syntheses of molecules
through iterative Suzuki-Miyaura cross-coupling transforma-
tions. These transformations may involve bifunctional build-
ing blocks, such as protected organoboronic acids that
include a halogen or a pseudohalogen group. For a given
synthesis, all the building blocks may be prepared having the
required functional groups preinstalled in the correct oxida-
tion state and with the desired stereochemical relationships.
These building blocks may then be brought together by the
recursive application of one mild reaction, such as the Suzuki-
Miyaura reaction. In addition to being very simple, eflicient,
and potentially amenable to automation, this strategy 1s inher-
ently modular and thus well-suited for making collections of
structural derivatives.

The synthesis of polyenes 1s made challenging by the sen-
sitivity of conjugated double bond frameworks to many com-
mon synthetic reagents. Controlling the geometry of each
double bond 1s also a critical 1ssue. Many valuable methods
have been developed, but synthetic strategies based on palla-
dium-mediated cross-coupling are particularly attractive due
to the mild and stereospecific nature of these reactions. In this
veln, a variety of methods based on bis-metallated (Lhermaitte
ctal. (1996) Synlett 377-9; Lipshutz et al. (1997) J Am Chem
Soc 119:4555-6; Pihko et al. (1999) Syrlett 12:1966-8;
Babudn et al. (1998) Ietrahedron 54:1085-94; Murakami et
al. (2004) Synthesis 9:1522-6; Denmark (2005) J Am Chem
Soc 127:8004-5; Lipshutz et al. (2005) Org Chem Lett
7:4561-4; Coleman et al. (20035) Org Lett 7:2289-91; Cole-
man et al. (2007) J Am Chem Soc 129:3826-7) or bis-haloge-
nated (Organ et al. (2000) J Org Chem 65:7959-70; Antunes
ct al. (2003) Tetrahedron Lett 44:6805-8; Organ et al. (2004)
letrahedron 60:9453-61) lynchpin reagents have been
reported. In these approaches, three fragments are brought
together using two cross-coupling reactions to engage the
orthogonally-reactive termini of the lynchpin.

An mmportant advantage of the iterative cross-coupling
strategy using protected organoboronic acids including a
boron atom having sp> hybridization and having a conforma-
tionally rigid protecting group bonded to the boron atom 1s the
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inherent potential for limitless iteration. That 1s, all of the
required building blocks can 1n theory be brought together via
the recursive application of a single, mild reaction. This may
dramatically simplity the synthesis process, and may readily
enable analog preparation. The use of only one reaction also
can help to minimize the potential for imcompatibilities
between the functional groups appended to the building
blocks and the reaction conditions used to couple them. In
addition, the use of bifunctional haloorganoboronic acids can
avold toxic metals such as organostannes, which are fre-
quently employed in bis-metallated lynchpin-type reagents.
Finally, the protected haloorganoboronic acids tend to be
free-flowing crystalline solids that can be readily purified by
silica gel chromatography and/or recrystallization and stored
indefinitely on the benchtop under atr.
Bifunctional PIDA-Protected Haloboronic Acids

A key to the development of apparatuses and methods for
the automated synthesis of small molecules was the use of the
Suzuki-Miyaura reaction to achieve the iterative cross-cou-
pling (ICC) of bifunctional “haloboronic acids”. However, in
order to have an efficient automatable procedure, the devel-
opment ol a mild and selective method for reversibly attenu-
ating one end of each haloboronic acid was required to avoid
random oligomerization. In this vein, the apparatuses and
methods described herein take advantage of the finding that
the trivalent ligand N-pinene-derived iminodiacetic acid
(PIDA), stmilar to N-methyliminodiacetic acid (MIDA), can
act as a switch to turn the reactivity of a boronic acid “off”” and
“on”” under very mild conditions (E. P. Gillis, M. D. Burke J.
Am. Chem. Soc. 2007, 129, 6716-6717; and U.S. Patent
Application Publication No. 2009/0030238, which 1s incor-

porated herein by reference 1n 1ts entirety). This property of
MIDA boronates has made 1t possible to prepare a variety of
natural products via repeated cycles mvolving MIDA bor-
onate deprotection, selective cross-coupling, and purification

(S. I. Lee, K. C. Gray, J. S. Pack, M. D. Burke J Am. Chem.
Soc. 2008, 130, 466-468; E. P. Gillis, M. D. Burke, J. Am.
Chem. Soc. 2008, 130, 14084-14085; and E. M. Woerly, A. H.
Cherney, E. K. Davis, M. D. Burke, J. Am. Chem. Soc. 2010,
132, 6941-6943). Further enabling their general utility as

building blocks, PIDA boronates are uniformly air-stable,
highly crystalline, monomeric, free-tlowing solids that are
tully compatible with a wide range of common synthetic
reagents and silica gel chromatography.

Purification of PIDA-Protected Organoboronic Acids

Transforming an ICC approach into a fully automated pro-
cess requires a general strategy for puritying the synthetic
intermediates. In the case of peptides, oligonucleotides, and
oligosaccharides this problem has been solved by linking the
growing oligomer to a solid support. At the end of each
coupling reaction, the desired product 1s separated from
residual solvents, reagents, and byproducts via a simple fil-
tration. Albeit highly effective in these contexts, there are two
major limitations of this purification approach as a foundation
for ICC-based small molecule synthesis.

First, this strategy requires a ubiquitous chemical handle
that enables covalent linking of the growing oligomer to the
solid phase. In the case of peptides, oligonucleotides, and
oligosaccharides, the respective monomers all conveniently
contain a common heteroatom linking element as an inherent
component of the targeted structure. In contrast, although
some excellent solid-phase linking systems have been devel-
oped, small molecules are quite structurally diverse, and
many lack a common functional group available for attach-
ment to a solid phase.

10

15

20

25

30

35

40

45

50

55

60

65

46

Second, selectively coupling boronic acids 1n the presence
of PIDA boronates requires that relatively anhydrous condi-
tions be utilized because PIDA boronates are stable and unre-
active under anhydrous basic conditions, but are readily
hydrolyzed to yield reactive boronic acids when treated with
aqueous base. In preliminary studies, 1t was found that trans-
lating the chemistry of anhydrous Suzuki-Miyaura cross-
couplings to the solid-phase can be problematic.

Surprisingly, the inventors have discovered two remark-
able physical properties of PIDA boronates, allowing the
circumvention of both of the atorementioned challenges. Col-
lectively, the two properties have enabled a highly effective
alternative purification strategy and, thus, allowed the com-
plete automation of ICC with solution-phase chemistry. The
two purification strategies—“precipitation” and “catch-and-
release”—are discussed in detail below. The two purification
strategies can be used alone or 1n combination, in which case
they may be performed sequentially 1n either order.

Purification by Precipitation.

One aspect of the mvention relates to the discovery that
virtually all molecules containing a PIDA-protected orga-

noboronic acid functional group are insoluble 1n hexanes:
THF (3:1 v/v), while almost all boronic acids, other boronic
esters, or related surrogates are soluble 1n this solvent system.
This general physical property of PIDA boronates enables a

highly efficient precipitation-based purification. (For back-
ground on precipitation-based purification see: H. Perrier, M.

Labelle, J. Org. Chem. 1999, 64, 2110-2113; T. Bosanac, C.
S. Wilcox, Org. Lett. 2004, 6, 2321-2324; and J. C. Poupon,

A.A.Boezio, A. B. Charette, Angew. Chem. Int. Ed. 2006, 45,

1415-1420). Further, because most catalyst species and
organic halides are soluble in hexanes: THF (3:1), PIDA bor-
onates can be directly purified from cross-coupling reactions,
such as anhydrous Suzuki cross-coupling reactions. Merely
transierring a crude product mixture in THF (e.g., from a
cross-coupling reaction) to a stirred vessel containing an
amount of hexanes which 1s approximately three times the
total volume of THF to be added results 1n rapid and quanti-
tative precipitation of the chiral, non-racemic PIDA boronate
product while the residual unreacted boronic acid, as well as
most byproducts and other reaction components, such as
palladium and phosphine ligands, all remain soluble 1n the
hexane: THF (3:1 v/v) mixture. Simple filtration of this mix-
ture, followed by dissolution of the precipitated chiral, non-

racemic PIDA boronate with THF, yields a solution of semi-
purified PIDA boronate.

One aspect of the invention relates to a method of purifying
a chiral, non-racemic PIDA boronate from a solution, com-
prising the steps of diluting with hexane the solution com-
prising the PIDA boronate, thereby selectively precipitating
the PIDA boronate; and 1solating the precipitated PIDA bor-
onate. The hexane can be any 1somer of hexane or a mixture
of hexanes. Exemplary 1somers of hexane useful 1n the mnven-
tion include unbranched hexane (n-hexane), branched hex-
anes (e.g., 1sohexane), and cyclohexane.

In certain embodiments, the present invention relates to
any one of the atorementioned methods, wherein the precipi-
tated chiral, non-racemic PIDA boronate 1s 1solated by filtra-
tion.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, further comprising
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the step of dissolving the precipitated chiral, non-racemic
PIDA boronate in a polar solvent. In certain embodiments, the
present mvention relates to any one of the aforementioned
methods, further comprising the step of dissolving the pre-
cipitated chiral, non-racemic PIDA boronate in THF.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the solution
comprising the chiral, non-racemic PIDA boronate 1s a THF
solution.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the solution
comprising the chiral, non-racemic PIDA boronate 1s added
dropwise to the hexane.

In certain embodiments, the present imnvention relates to
any one of the aforementioned methods, wherein the volume
ol hexane 1s between about two and about four times the
volume of the solution comprising the PIDA boronate.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the volume
of hexane 1s about three times the volume of the solution
comprising the PIDA boronate.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the solution
comprising the chiral, non-racemic PIDA boronate 1s a crude
product mixture from a chemical reaction.

In certain embodiments, the present invention relates to
any one of the atorementioned methods, wherein the chemi-
cal reaction 1s selected from the group consisting of a Suzuki-
Miyaura coupling, an oxidation, a Swern oxidation, a “Jones
reagents’” oxidation, a reduction, an Evans’ aldol reaction, an
HWE olefination, a Takai olefination, an alcohol silylation, a
desilylation, a p-methoxybenzylation, an 1odination, a
Negishi cross-coupling, a Heck coupling, a Miyaura boryla-
tion, a Stille coupling, and a Sonogashira coupling.

In certain embodiments, the present invention relates to
any one of the atorementioned methods, wherein the chemi-
cal reaction 1s selected from epoxidation, nucleophilic sub-
stitution, electrophilic substitution, oxidation, dihydroxyla-
tion, carbonylation, alkenation, cyclopropanation,
cycloaddition, conjugate addition, Michael addition, Diels-
Alderreaction, and transition metal-catalyzed cross-coupling,
reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the transition metal-catalyzed cross-cou-
pling reaction 1s a Suzuki-Miyaura reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the epoxidation 1s selected from the
group consisting of Sharpless epoxidation and Jacobsen
epoxidation.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the chemi-
cal reaction comprises the step of contacting a chiral, non-
racemic PIDA boronate with a reagent, wherein the chiral,
non-racemic PIDA boronate comprises a boron having an sp>
hybridization, a PIDA protecting group bonded to the boron,
and an organic group bonded to the boron through a boron-
carbon bond; the organic group 1s chemically transformed,
and the boron 1s not chemically transformed.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the chiral,
non-racemic PIDA boronate 1s represented by
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()

wherein:
B is a boron atom having sp> hybridization;
R* 1s a chiral group

R23
/%(

R22

of at least 90% enantiomeric excess:

R*! and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*' and
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 3-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of N,
O, and S;

R*® is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R' is selected from the group consisting of

X

7 ‘ \ YA
/ /

o

\Z.—-‘"

RIZ
R, and R
1 ( "
RZ X X

R" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'' and any one instance of R'?, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen:;

cach istance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;
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R> and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis 0, 1, or 2;

nis 0, 1, or 2; and

p1s 0, 1, or 2.

In an alternative embodiment, all else being the same, R'
and R*, and/or R® and R*, are independently selected from the
group consisting of hydrogen and (C1-C3)alkyl.

In one embodiment, R* 1s

In one embodiment, R* 1s

In one embodiment, R* 1s

oy
-
)
iy
»
n

ing of

CH3 and \/ CH3

7R
S

In one embodiment, R* 1s selected from the group consist-

ing of

CH3 and CH3

%

In one embodiment, R* 1s selected from the group consist-

ing of

50

)

'f"m

5

]
(

10

In one embodiment, R*' and R**, taken together, form a
5-10-membered cycloalkyl or aromatic ring, or form a 5-10-
membered heterocyclic or heteroaromatic ring comprising

1> 1.3 heteroatoms independently selected from the group con-

sisting of N, O, and S.

In one embodiment, R* 1s

20
CH;.

25

In one embodiment, R* 1s
30

JUW'EJWU"

In one embodiment, R* 1s

40

l"\'\\
o

In one embodiment, R* is selected from the group consist- . : : gy
£L

In one embodiment, R* 1s
50

OBn.
55

In one embodiment, R* 1s

60

[ ¥ 'f;f
‘OBn.

65
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In one embodiment, R* 1s

:: YOBnn.

In accordance with any one of the foregoing embodiments,
in one embodiment, R and R°® are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, m 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment,
m 1s 1. Alternatively, in accordance with any one of the
foregoing embodiments, 1n one embodiment, m 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, in one embodiment, p 1s 2.
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In accordance with any one of the foregoing embodiments,
in one embodiment, R* 1s a chiral group

R23
/H}K R22
RZ 1

of at least 95% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23
/F%K R22
RZ 1

of at least 98% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s

In accordance with any one of the foregoing embodiments 30 a chiral group

not otherwise excluded, in one embodiment, R'® is

n is 0, p is 0, each instance of R'? is hydrogen, and R'" is
selected from the group consisting of aryl and methyl.

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R19is

nis 0, X'is CH,, and R'" is methyl.

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R'is

HO

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R19is
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;fkﬂhtx<#

RZZ

of at least 99% enantiomeric excess.

In certain embodiments, the present invention relates to
any one ol the alorementioned methods, wherein the chiral,
non-racemic PIDA boronate 1s represented by

(1)

4\)\ R1
9 2
N— R
/ R30
b
B—O~ ’\o
-
R 10 \0 O

wherein:
B is a boron atom having sp> hybridization;

the carbon atom marked “*” 1s a chiral carbon atom of at
least 90% enantiomeric excess:

R' is selected from the group consisting of
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R'" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R'*, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen:;

cach instance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,

and NR’:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ and R*° are independently selected from the group con-
sisting of hydrogen and (C1-C3)alkyl;

nis 0, 1, or 2;

p1s 0,1, or 2; and

qis 1 or 2.

In an alternative embodiment, all else being the same, R'
and R are independently selected from the group consisting

of hydrogen and (C1-C3)alkyl.
In one embodiment, the compound of formula (II) 1s

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, in accordance with any one of the forego-
ing embodiments, in one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, g 1s 1. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, q
1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R*® is

10

15

20

25

30

35

40

45

50

55

60

65

n is 0, p is 0, each instance of R'* is hydrogen, and R"" is
selected from the group consisting of aryl and methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

Rll
X

nis 0, X'is CH,, and R"'' is methyl.
Alternatively, in accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is

7

HO

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, 1n one embodiment,

R1° s

TBSO

In accordance with any one of the foregoing embodiments,
in one embodiment the carbon atom marked “*” 1s a chiral
carbon atom of at least 95% enantiomeric excess. In accor-
dance with any one of the foregoing embodiments, in one
embodiment the carbon atom marked “*” 1s a chiral carbon
atom of at least 98% enantiomeric excess. In accordance with
any one of the foregoing embodiments, 1n one embodiment
the carbon atom marked “*” 1s a chiral carbon atom of at least
99% enantiomeric excess.

Catch-and-Release Purification.

It has further been found that all molecules which contain
a chiral, non-racemic PIDA boronate functional group have
exceptionally high affinity for silica gel. For example, 1t has
been discovered that PIDA boronates, regardless of the nature
of the organic group appended to boron, have an R ot essen-
tially zero 1n hexanes: THF (3:1 v/v), Et,O, and Et,O:MeOH
(98.5:1.5 v/v). Theretore, PIDA boronates can be used as a
unmiversal tag for catch-and-release purification on silica gel.
(For an excellent review on tagging strategies for separations
in organic synthesis, see: J. Yoshida, K. Itami, Chem. Rev.
2002, 102, 3693-3716. For an excellent review on modern
separation techniques in organic synthesis, see: C. C. Tzs-
chucke, C. Markert, W. Bannwarth, S. Roller, A. Hebel, R.
Haag, Angew. Chem. Int. Ed. 2002, 41, 3964-4000. See, also,
D. P. Curran, Angew. Chem. Int. Ed. 1998, 37, 1174-1196; P.
H. Toy, K. D. Janda, Acc. Chem. Res. 2000, 33, 546-554;S.V.
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Ley, A. Massi, F. Rodriguez, D. C. Horwell, R. A. Lewth-
waite, M. C. Pritchard, A. M. Reid, Angew. Chem. Int. Ed.
2001, 40, 1053-1055; A. R. Brown, S. L. Irving, R. Ramage,
G. Raphy Tetrahedron 1995,51,11815-11830; L. A. Thomp-
son, Curr. Opin. Chem. Bio. 2000, 4, 324-33’7; and M. G.
Siegel, P. J. Hahn, B. A. Dressman, J. E. Fritz, J. R. Grunwell,
S. W. Kaldor, Tetrahedron Lett. 1997, 38, 3357-3360. For the
use of catch-and-release type methods to purily proteins, see:
J. Porath, J. Carlsson, 1. Olsson, G. Belirage, Nature 1975,
2’78, 598.) In other words, the chiral, non-racemic PIDA
boronate functional group, which 1s conveniently present in
all intermediates utilized 1n certain ICC sequences, enables
the reversible non-covalent attachment of any chiral, non-
racemic PIDA boronate to silica gel, a solid support.

The use of hexanes: THF (e.g., 3:1 v/v) as a solvent system
1s 1mportant since 1t provides a means (via diluting with
hexanes) to purily directly THF reaction solutions containing,
PIDA boronates. With regards to automated synthesis, as
discussed below, this feature 1s important because advanced
manipulations, such as solvent evaporation, are not required
to prepare the reaction solution for purification. The use of
Et,O 1s important because in certain coupling reactions
almost every other compound present in the reaction solution
clutes 1n Et,O. Interestingly, the addition of 1.5% MeOH
(v/v) to the Et,O ensures that even polar boronic acids are
cluted off of the column with a reasonable amount of solvent.
The compatibility of MeOH with PIDA boronates in the
purification method was unexpected since MeOH can be used
to deprotect PIDA boronates to the corresponding boronic
acid at room temperature. All of the above-mentioned prop-
erties have been tested with many PIDA boronates and have
been shown to be general. Once the unreacted boronic acids,
as well as reaction regents, have been eluted, pure PIDA
boronates generally elute well in THEF. Also, PIDA boronates
generally elute well with MeCN and acetone.

One aspect of the invention relates to a method of purifying
a chiral, non-racemic PIDA boronate from a solution, com-
prising the steps of passing the solution through a silica plug;
passing a first liquid through the silica plug; and passing a
second liquid through the silica plug, thereby eluting the
chiral, non-racemic PIDA boronate i the second liquid;
wherein the first liquid contains diethyl ether or the polarity of
the first liquid 1s less than or equal to about the polarity of a
mixture of 98.5:1.5 (v/v) Et,O:MeOH; and the polarity of the
second liquid 1s greater than or equal to about the polarity of
THEF.

PIDA boronates, like most organic compounds, generally
elute more rapidly oft 01 S10, (1.e., have a higher R ) when the
polarity of the solvent 1s higher. However, the purification
method described above takes advantage of special properties
of PIDA boronates 1n certain solvents. Specifically, there are
certain solvent systems in which the R, of a chiral, non-
racemic PIDA boronate 1s not related to the polarity of the
solvent. In fact, in certain solvent systems the R .can approach
or be zero. For example, even though chloroform 1s more
polar than THF, the R -of dodecyl chiral, non-racemic PIDA
boronate 1n chloroform 1s 0.00 and 1n THF 1s 0.80. While not
intending to be bound by any particular theory, this very
surprising phenomenon likely mvolves a unique interaction
among all three factors: the solvent, silica gel, and PIDA
boronate. Thus, it 1s possible to 1solate a chiral, non-racemic
PIDA boronate on a silica column 11 one picks a solvent that
1s an exception to the elution rules (such as chloroform or
Et,O). To remove a chiral, non-racemic PIDA boronate from
the column thus loaded, one switches to a polar solvent that
obeys the normal elution rules (such as THF, MeCN, or
acetone).
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It has also been found that a functionalized silica gel, such
as 3-aminopropyl-functionalized silica gel, can be substituted
for S10, without affecting the properties of the PIDA bor-
onate/S10, interaction. The functionalized silica gel can be
used to scavenge, for example, metal catalysts from the solu-
tion. Therefore, 1n certain embodiments, the present invention
relates to any one of the aforementioned methods, wherein
the silica 1s 3-aminopropyl-functionalized silica.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the first
liquid comprises diethyl ether.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the first
liquid 1s diethyl ether.

In certain embodiments, the present 1nvention relates to
any one of the aforementioned methods, wherein the first
liquid 1s a mixture of diethyl ether and methanol.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein first liquid is
a mixture ol diethyl ether and methanol; and the ratio of
diethyl ether to methanol 1s 98.5:1.5 (v/v).

In certain embodiments, the present invention relates to
any one of the atorementioned methods, wherein the second
liguid 1s THFE, MeCN, ethyl acetate or acetone, or a solvent of
similar polarity.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the second
liquid 1s THE, MeCN, ethyl acetate or acetone.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the second
liquad 1s THF.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the solution
1s a crude product mixture from a chemical reaction.

In certain embodiments, the present invention relates to
any one of the atforementioned methods, wherein the chemi-
cal reaction 1s selected from the group consisting of a Suzuki-
Mivyaura coupling, an oxidation, a Swern oxidation, a “Jones
reagents” oxidation, a reduction, an Evans’ aldol reaction, an
HWE olefination, a Takai olefination, an alcohol silylation, a
desilylation, a p-methoxybenzylation, an 1odination, a
Negishi cross-coupling, a Heck coupling, a Miyaura boryla-
tion, a Stille coupling, and a Sonogashira coupling.

In certain embodiments, the present invention relates to
any one of the atforementioned methods, wherein the chemi-
cal reaction 1s selected from epoxidation, nucleophilic sub-
stitution, electrophilic substitution, oxidation, dihydroxyla-
tion,  carbonylation, alkenation, cyclopropanation,
cycloaddition, conjugate addition, Michael addition, Diels-
Alderreaction, and transition metal-catalyzed cross-coupling,
reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the transition metal-catalyzed cross-cou-
pling reaction 1s a Suzuki-Miyaura reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the epoxidation 1s selected from the
group consisting of Sharpless epoxidation and Jacobsen
epoxidation.

In certain embodiments, the present invention relates to
any one of the atorementioned methods, wherein the chemi-
cal reaction comprises the steps of contacting a chiral, non-
racemic PIDA boronate with a reagent, wherein the chiral,
non-racemic PIDA boronate comprises a boron having an sp°
hybridization, a PIDA protecting group bonded to the boron,
and an organic group bonded to the boron through a boron-
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carbon bond; the organic group 1s chemically transformed,
and the boron 1s not chemically transformed.

In certain embodiments, the present invention relates to
any one ol the aforementioned methods, wherein the chiral,
non-racemic PIDA boronate 1s represented by

(D

/| <

10 o~
R B"'q—-(j/i%(j

O

wherein:
B is a boron atom having sp> hybridization;

R* 1s a chiral group

R23

I

R2 | R22

of at least 90% enantiomeric excess;

R*' and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 5-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of N,
O, and S;

R*® is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R' is selected from the group consisting of

R'" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R'?, or
any two instances of R'>, taken together, form a 3-10-
membered ring;

X 15 halogen;
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cach mstance of 7Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of 7 are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R' and R? are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis 0, 1, or 2;

nis 0, 1, or 2; and

p1s 0, 1, or 2.

In an alternative embodiment, all else being the same, R’

and R”, and/or R® and R*, are independently selected from the
group consisting of hydrogen and (C1-C3)alkyl.

In one embodiment, R* 1s

In one embodiment, R* 1s
In one embodiment, R* 1s
\/#‘rf’:
In one embodiment, R* 1s selected from the group consist-
ing of
N /\‘
In one embodiment, R* 1s selected from the group consist-
ing of
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N 2
H H
\/\bcm and X CH;.

In one embodiment, R* 1s selected from the group consist-
ing of

N
N

In one embodiment, R*' and R*?, taken together, form a
5-10-membered cycloalkyl or aromatic ring, or form a 5-10-
membered heterocyclic or heteroaromatic ring comprising
1-3 heteroatoms independently selected from the group con-

sisting of N, O, and S.

In one embodiment, R* 1s

CHa.

In one embodiment, R* 1s

CHs.

In one embodiment, R* 1s

In one embodiment, R* 1s

OBn.
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In one embodiment, R* 1s

“OBn.

In one embodiment, R* 1s

: YOBm.

In accordance with any one of the foregoing embodiments,
in one embodiment, R and R°® are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, m 1s 0. Alternatively, in accordance with
any one of the foregoing embodiments, 1n one embodiment,
m 1s 1. Alternatively, in accordance with any one of the
foregoing embodiments, 1n one embodiment, m 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R' is

nis 0, p is 0, each instance of R'* is hydrogen, and R"" is
selected from the group consisting of aryl and methyl.

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R1° s

Xn’

nis 0, X'is CH,, and R"" is methyl.

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R1° s
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HO =

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, 1n one embodiment,

R19is
TBSO =

In accordance with any one of the foregoing embodiments,
in one embodiment, R* 1s a chiral group

of at least 95% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23
/(’9>7< R22

R21

ol at least 98% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23
X’N
22

R2! R

of at least 99% enantiomeric excess.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the chiral,
non-racemic PIDA boronate 1s represented by

1
Z\)q\ g
N— —%

/ ¥ &
B—O~ O
OGN

O O

(1)

wherein:
B is a boron atom having sp> hybridization;

the carbon atom marked “*”° 1s a chiral carbon atom of at
least 90% enantiomeric excess;
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R' is selected from the group consisting of

R12 X! X

R" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R**, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen;

cach mstance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R" and R” are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R°® are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ and R”" are independently selected from the group con-
sisting of hydrogen and (C1-C3)alkyl;

nis 0, 1, or 2;

p1s 0, 1, or 2; and

qis 1 or 2.

In an alternative embodiment, all else being the same, R’

and R* are independently selected from the group consisting

of

1n

hydrogen and (C1-C3)alkyl.
In one embodiment, the compound of formula (II) 1s

In accordance with any one of the foregoing embodiments,
one embodiment, n 1s 0. Alternatively, 1n accordance with

any one of the foregoing embodiments, 1n one embodiment, n

1S

1. Alternatively, in accordance with any one of the forego-

ing embodiments, 1n one embodiment, n 1s 2.

1n

In accordance with any one of the foregoing embodiments,
one embodiment, p 1s 0. Alternatively, 1n accordance with

any one of the foregoing embodiments, 1n one embodiment, p

1S

1. Alternatively, in accordance with any one of the forego-

ing embodiments, 1n one embodiment, p 1s 2.
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In accordance with any one of the foregoing embodiments,
in one embodiment, q 1s 1. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, q
1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R*® is

n is 0, p is 0, each instance of R"'* is hydrogen, and R'" is
selected from the group consisting of aryl and methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R'%is

Rl |
X

nis 0, X'is CH,, and R'" is methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R'9is

HO

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, 1n one embodiment,
R'is

Z

TBSO

In accordance with any one of the foregoing embodiments,
in one embodiment the carbon atom marked “*” 1s a chiral
carbon atom of at least 95% enantiomeric excess. In accor-
dance with any one of the foregoing embodiments, 1n one
embodiment the carbon atom marked “*” 1s a chiral carbon
atom of at least 98% enantiomeric excess. In accordance with
any one of the foregoing embodiments, 1n one embodiment
the carbon atom marked “*” 1s a chiral carbon atom of at least
99% enantiomeric €xXcess.

Combination Precipitation & Catch-and-Release Purifica-
tion.

The two purification strategies discussed above can be
combined into one robust and general process. Specifically,
the solution which 1s subjected to the catch-and-release puri-
fication described above can be a solution which 1s dertved
from the selective precipitation of a PIDA boronate.

One aspect of the invention relates to a method of purifying
a chiral, non-racemic PIDA boronate from a solution, com-
prising the steps of diluting the solution with hexane, thereby
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selectively precipitating the PIDA boronate; passing the
diluted solution through a silica plug, thereby depositing the
precipitated PIDA-protected organoboronic acid on the silica
plug; passing a first liquid through the silica plug; and passing
a second liqud through the silica plug, thereby eluting the
chiral, non-racemic PIDA boronate 1n the second liquid;
wherein the first liquid contains diethyl ether or the polarity of
the first liquid 1s less than or equal to about the polarity of a
mixture o1 98.5:1.5 (v/v) Et,O:MeOH; and the polarity of the
second liquid 1s greater than or equal to about the polarity of
THEF.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the first
liquid comprises diethyl ether.

In certain embodiments, the present 1nvention relates to
any one of the aforementioned methods, wherein the first
liquad 1s diethyl ether.

In certain embodiments, the present invention relates to
any one of the alforementioned methods, wherein the {first
liquid 1s a mixture of diethyl ether and methanol.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein first liquid is
a mixture of diethyl ether and methanol; and the ratio of
diethyl ether to methanol 1s 98.5:1.5 (v/v).

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the second
liquid 1s THF, MeCN, ethyl acetate or acetone, or a solvent of
similar or greater polarity.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the second
liquid 1s THF, MeCN, ethyl acetate or acetone.

In certain embodiments, the present invention relates to
any one of the atlorementioned methods, wherein the second
liquad 1s THF.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the solution
1s a crude product mixture from a chemical reaction.

In certain embodiments, the present invention relates to
any one of the atforementioned methods, wherein the chemi-
cal reaction 1s selected from the group consisting of a Suzuki-
Miyaura coupling, an oxidation, a Swern oxidation, a “Jones
reagents” oxidation, a reduction, an Evans” aldol reaction, an
HWE olefination, a Takai olefination, an alcohol silylation, a
desilylation, a p-methoxybenzylation, an 1odination, a
Negishi cross-coupling, a Heck coupling, a Miyaura boryla-
tion, a Stille coupling, and a Sonogashira coupling.

In certain embodiments, the present invention relates to
any one of the atorementioned methods, wherein the chemi-
cal reaction 1s selected from epoxidation, nucleophilic sub-
stitution, electrophilic substitution, oxidation, dihydroxyla-
tion,  carbonylation, alkenation, cyclopropanation,
cycloaddition, conjugate addition, Michael addition, Diels-
Alder reaction, and transition metal-catalyzed cross-coupling,
reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the transition metal-catalyzed cross-cou-
pling reaction 1s a Suzuki-Miyaura reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the epoxidation is selected from the
group consisting of Sharpless epoxidation and Jacobsen
epoxidation.

In certain embodiments, the present invention relates to
any one of the atforementioned methods, wherein the chemi-
cal reaction comprises the steps of contacting a chiral, non-
racemic PIDA boronate with a reagent, wherein the chiral,
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non-racemic PIDA boronate comprises a boron having an sp”
hybridization, a PIDA protecting group bonded to the boron,
and an organic group bonded to the boron through a boron-
carbon bond; the organic group 1s chemically transformed,
and the boron 1s not chemically transformed. d

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the chiral,
non-racemic PIDA boronate 1s represented by

10
D

/ K 15
R”’—B?O/ O
O

O
20
wherein:
B is a boron atom having sp> hybridization;
R* 1s a chiral group
25

R23
XM
22

R2! R
30

of at least 90% enantiomeric excess;
R*' and R** are independently selected from the group

consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and 15
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 5-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of N,

O, and S; 40

R*® is selected from the group consisting of hydrogen,

alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R' is selected from the group consisting of

45
RIZ R]Z
N F R
" 50
R]Z RJZ
R12 RIZ X
- 1 \ 7
i /—g ? R“, ‘ ‘ : 55
/ /
12 12 -
R R \.Z./'
Rl2
R“, and R“,
i / ‘/ J7i 60
R]Z X' X

R'" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen, 65
hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and

06

trialkylsilyloxy; or R'' and any one instance of R'?, or
any two instances of R'#, taken together, form a 3-10-
membered ring;

X 1s halogen;

cach mstance of 7Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R" and R” are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R°® are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis 0, 1, or2;

nis 0, 1, or 2; and

p1s 0, 1, or 2.

In an alternative embodiment, all else being the same, R’

and R?, and/or R® and R?, are independently selected from the
group consisting of hydrogen and (C1-C3)alkyl.

In one embodiment, R* 1s

In one embodiment, R* 1s

In one embodiment, R* 1s
In one embodiment, R* 1s selected from the group consist-
ing of
A

=
\/: :CH3.

N
\/: :CH3 and
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In one embodiment, R* 1s selected from the group consist-
ing of

and

CH;

In one embodiment, R* 1s selected from the group consist-
ing of

In one embodiment, R*' and R**, taken together, form a
5-10-membered cycloalkyl or aromatic ring, or form a 5-10-
membered heterocyclic or heteroaromatic ring comprising,

1-3 heteroatoms independently selected from the group con-
sisting of N, O, and S.
In one embodiment, R* 1s

CHs.

In one embodiment, R* 1s

CHs.

: : ""fffc H3 |

In one embodiment, R* 1s

(O Bn.

08

In one embodiment, R* 1s

5 .
0B,
10 . .
In one embodiment, R* 1s
15 :_ OB
-.WUM
o  Inaccordance with any one of the foregoing embodiments,

in one embodiment, R> and R° are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,

in one embodiment, m 1s 0. Alternatively, in accordance with

> any one of the foregoing embodiments, in one embodiment,

m 1s 1. Alternatively, in accordance with any one of the
foregoing embodiments, in one embodiment, m 1s 2.

In accordance with any one of the foregoing embodiments,

3o 1n one embodiment, n 1s 0. Alternatively, in accordance with

any one of the foregoing embodiments, 1n one embodiment, n

1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, in accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

35

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R' is

40

45

Y nis 0, p is 0, each instance of R'* is hydrogen, and R"" is

selected from the group consisting of aryl and methyl.

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, 1n one embodiment,

55 R'%is

Rl 1
60
XJ’
nis 0, X'is CH,, and R"" is methyl.
65  Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R is
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HO Z

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, 1n one embodiment,

R1Yis

TBSO =

In accordance with any one of the foregoing embodiments,
in one embodiment, R* 1s a chiral group

R23

1t

R2 | RZZ

of at least 95% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R23

It

RZ | R22

of at least 98% enantiomeric excess. In accordance with any
one of the foregoing embodiments, in one embodiment, R* 1s

a chiral group

R23

rn

R2 | R22

of at least 99% enantiomeric excess.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the chiral,
non-racemic PIDA boronate 1s represented by

(1)

wherein:
B is a boron atom having sp> hybridization;

the carbon atom marked “*”° 1s a chiral carbon atom of at
least 90% enantiomeric excess;

70

R' is selected from the group consisting of

5
10
15
R" and each instance of R'* are independently selected
from the group consisting of hydrogen, halogen,
20 hydroxyvl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R*?, or
any two instances of R'?, taken together, form a 3-10-
- membered ring;

X 1s halogen:;
cach istance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;
50  X'is selected from the group consisting of CR°R®, O, S,
and NR’:
R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;
R> and R° are independently selected from the group con-
35 sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;
R’ and R”" are independently selected from the group con-
sisting of hydrogen and (C1-C3)alkyl;
40 ni1s0, 1, or 2;
p1s 0, 1, or 2; and
qis 1 or 2.
In an alternative embodiment, all else being the same, R’
and R” are independently selected from the group consisting

45 of hydrogen and (C1-C3)alkyl.
In one embodiment, the compound of formula (II) 1s

50

In accordance with any one of the foregoing embodiments,

55 1n one embodiment, n 1s 0. Alternatively, in accordance with

any one of the foregoing embodiments, 1n one embodiment, n

1s 1. Alternatively, in accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,

60 1n one embodiment, p 1s 0. Alternatively, 1n accordance with

any one of the foregoing embodiments, 1n one embodiment, p

1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments,

65 1n one embodiment, q 1s 1. Alternatively, 1n accordance with

any one of the foregoing embodiments, 1n one embodiment, g

1s 2.
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In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R'° is

nis 0, p is 0, each instance of R'? is hydrogen, and R'! is
selected from the group consisting of aryl and methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R'is

Rl |
X!

nis 0, X'is CH,, and R"'" is methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, 1n one embodiment,
R'is

7

HO

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, in one embodiment,
R'“is

7

1TBSO

In accordance with any one of the foregoing embodiments,
in one embodiment the carbon atom marked “*” 1s a chiral
carbon atom of at least 95% enantiomeric excess. In accor-
dance with any one of the foregoing embodiments, 1n one
embodiment the carbon atom marked “*” 1s a chiral carbon
atom of at least 98% enantiomeric excess. In accordance with
any one of the foregoing embodiments, in one embodiment
the carbon atom marked “*” 1s a chiral carbon atom of at least
99% enantiomeric €xXcess.

Customized Hybrid Purification Vessels.

In certain embodiments, the present invention relates to
any one ol the atorementioned methods, wherein a custom-
1zed hybnd purification vessel which contains both a “pre-
cipitation chamber” and a “catch-and-release chamber”
arranged 1n series 1s used. In this system, a crude cross-
coupling reaction 1s transferred to a first (e.g., upper) chamber
filled with hexanes, resulting in rapid and quantitative pre-
cipitation of the PIDA boronate-containing product while the
residual boronic acid (and most byproducts), palladium, and
phosphine ligand all remain soluble. As previously noted,
simple filtration of this suspension, followed by washing with
Et,O:MeOH, places the resulting semi-purified, solid chiral,
non-racemic PIDA boronate on top of a silica gel plug that
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resides 1in a second (e.g., lower) chamber. This lower chamber
1s then subjected to washing with copious volumes of, for
example, Et,O:MeOH 98.3:1.5 (v/v) followed by a defined
small volume of THF to effect the catch-and-release silica gel
purification. The resulting THF solution of purified chiral,
non-racemic PIDA boronate 1s conveniently ready for utili-
zation 1n subsequent cycles of deprotection and coupling.
Purification/Deprotection of PIDA-Protected Organoboronic
Acids

The challenges associated with purifying boronic acids
include the fact that “the polar and often amphiphilic charac-
ter tends to make their 1solation and purification difficult™
(Hall, D. G. Boronic Acids; Wiley-VCH: Weinheim, Ger-
many, 2005; pp 57-38). Further, “[t]he widely known and
used boronic acids show variable stability (vinyl-, alkyl-, and
alkynylboronic acid are not very stable), and their purification
1s not straightforward. Moreover, 1solated boronic acids gen-
crally contain large quantities of anhydrides or boroxines,
which result in problems for determining their stoichiometry™
(Darses, S.; Genet, J-P. Chem. Rev. 2008, 108, 288-325).

A number of approaches for purilying boronic acids have
been developed, but all are limited 1n their generality. The
most basic approach is to recrystallize the boronic acid, typi-
cally from an aqueous solution. However, this approach 1s
only efficient 1f the sample 1s already relatively pure and when
the temperature-dependent solubility of the boronic acid in
water 1s favorable. When non-polar recrystallization solvents
are employed, significant dehydration of the boronic acid to
afford the boroxine can occur. (Santucci, L.; Gilman, H. J.
Am. Chem. Soc. 1958, 80, 193-196). Another approach 1is
“phase switching” liquid/liquid partitioming (Mothana, S.;
Grassot, J-M.; Hall, D. G. Angew. Chem. Int. Ed. 2010, 49,
2883-2887). In this approach the boronic acid 1s converted
into the anionic borate species 1n strong base (pH 10), non-
anionic organics are washed away, and then the solution 1s
acidified (pH 1-3) to regenerate the boronic acid. This method
1s not compatible with boronic acids containing acidic func-
tional groups, basic functional groups, or any functionality
that 1s acid- or base-sensitive, mncluding the boronic acid
functionality. A solid supported scavenger for boronic acids
based on diethanolamine, abbreviated DEAM-PS, has also
been reported (Hall, D. G.; Tailor, J.; Gravel, M. Angew.
Chem. Int. Ed. 1999, 38, 3064-3067). However, this method 1s
expensive and does not represent a practical or scalable solu-
tion.

Boronic acids can be purified in a two-step process with the
intermediacy of a boronic acid surrogate. For example,
boronic acids can be converted to the corresponding trifluo-
roborate salt which can be crystallized (Darses, S.; Genet, J-P.
Chem. Rev. 2008, 108, 288-325). However, limitations of this
approach include the fact that the crystallization conditions
are substrate-specific, large amounts of fluoride are used,
some 1mpurities co-crystallize with the product, and regener-
ating the boronic acid from the trifluoroborate 1s not efficient
(Molander, G. A.; Cavalcanti, L. N.; Canturk, B.; Pan, P-S.;
Kennedy, L. E. J. Org. Chem. 2009, 74, 7364-7369). Alter-
natively, boronic acids can be dehydrated 1n the presence of a
diol (most often pinacol) to form the corresponding boronic
ester. Some aryl boronic esters have more favorable chroma-
tography, extraction, and crystallization properties than the
corresponding boronic acids. However other classes of
boronic esters (heteroaryl, alkenyl, alkyl, alkynyl, etc.) tend
to have highly variable features. Further, as the boronic ester
becomes stable enough to improve 1ts purification properties,
the conditions required to regenerate the boronic acid become
harsher. For example, converting a pinacol boronic ester to
the corresponding boronic acid typically requires aqueous




US 9,012,658 B2

73

acid and an oxidant (often NalQ, ), which limits the generality
of this approach (Murphy, J. M.; Tzschuck, C. C.; Hartwig, J.

F. Org. Lett. 2007, 9, 757-760).

Finally, unstable boronic acids present a particularly chal-
lenging problem. None of the above-mentioned approaches
can be used to purily unstable boronic acids, such as vinyl
boronic acids. Remarkably, vinyl boronic acid can be gener-
ated from vinyl chiral, non-racemic PIDA boronate 1n greater

than 95% purity (Knapp, D. M.; Gillis, E. P.; Burke, M. D. J.
Am. Chem. Soc. 2009, 131, 6961-6963).

To address some of the problems noted above, disclosed
herein 1s a “catch and selective release” type method devel-
oped for chiral, non-racemic PIDA boronate hydrolysis. Spe-
cifically, a THF solution of a chiral, non-racemic PIDA bor-
onate (reactivity=OFF) 1s mixed with solid-supported
ammonium hydroxide reagent (such as Amberlyst A26(OH);
see 1. M. Morwick, J Comb. Chem. 2006, 8, 649-651) to
promote the PIDA hydrolysis. At this point, both the cleaved
PIDA ligand (likely in the form of PIDA*"Na*,) and the
boronic acid (likely 1n the form of the corresponding anionic
boron-‘ate’ complex; see D. G. Hall, J. Tailor, M. Gravel,
Angew. Chem. Int. Ed. 1999, 38, 3064-3067) remain trapped
in the resin (the “catch™). It was determined that subsequent
treatment with a THF solution of AcOH (see M. G. Siegel, P.
J. Hahn, B. A. Dressman, J. E. Fritz, J. R. Grunwell, S. W.
Kaldor, Tetrahedron Lett. 1997, 38, 3357-3360) results 1n

“selective release™ of only the boronic acid (reactivity=0N),
while the cleaved PIDA ligand conveniently remains trapped
in the resin under these mildly acidic conditions. Transferring
this THEF/AcOH/boronic acid solution to a new vial contain-
ing K,CO,, 4 A molecular sieves, and Celite®, followed by
bubbling argon through the mixture and filtration yields a
neutralized, mostly anhydrous, and deoxygenated solution of
freshly-prepared boronic acid in THEF, ready for the next
cross-coupling reaction.

One aspect of the mvention relates to the deprotection of a
PIDA boronate, comprising the step of contacting a solution
comprising the chiral, non-racemic PIDA boronate and a
solvent with a solid-supported ammonium hydroxide
reagent, thereby deprotecting the chiral, non-racemic PIDA

boronate and forming a boronic acid and a free PIDA ligand.

In certain embodiments, the present invention relates to
any one of the alforementioned methods, wherein the solvent
comprises THF.

In certain embodiments, the present invention relates to
any one ol the aforementioned methods, wherein the solid-
supported ammonium hydroxide reagent binds the PIDA.

In certain embodiments, the present invention relates to
any one of the atorementioned methods, further comprising
the steps of removing the solvent by filtration, thereby leaving,
the boronic acid and PIDA ligand trapped inside the solid-
supported ammonium hydroxide reagent; and adding addi-
tional solvent.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the addi-
tional solvent 1s THF.

In certain embodiments, the present invention relates to
any one ol the aforementioned methods, wherein the solid-
supported ammonium hydroxide reagent 1s washed with an
organic solution comprising an organic solvent and a mild or
strong acid 1n a quantity greater than that needed to neutralize
the solid-supported ammonium hydroxide reagent, thereby
cluting the boronic acid.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the solid-
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supported ammonium hydroxide reagent 1s washed with a
THF solution comprising a mild or strong acid, thereby elut-
ing the boronic acid.

In certain embodiments, the present invention relates to
any one ol the aforementioned methods, wherein the solid-
supported ammonium hydroxide reagent 1s washed with a
THF solution comprising acetic acid, thereby eluting the
boronic acid.

In certain embodiments, the present invention relates to
any one of the aforementioned methods, wherein the eluted
boronic acid is treated with base to neutralize the acid (e.g.,
acetic acid).

In certain embodiments, the present 1nvention relates to
any one of the alorementioned methods, wherein the base 1s
potassium carbonate.

In certain embodiments, the present invention relates to
any one ol the aforementioned methods, wherein the solid-
supported ammonium hydroxide reagent 1s washed with a
1,4-dioxane solution comprising hydrochloric acid, thereby
cluting the boronic acid.

In certain embodiments, the present invention relates to
any one ol the aforementioned methods, wherein the solid-
supported ammomum hydroxide reagent 1s a strong base

anion exchange resin, e¢.g., Amberlite IRA-400 (OH™ form),
Amberlite IRA 420 (OH™ form), Amberlite IRA 410 (OH™
form), Amberlite IRN-150, Amberlite IRA 900 (OH™ form),
Amberlite IRA 904 (OH™ form), Amberlite IRA 910 (OH™
form), Amberlite A5836, Amberlyst A26 (OH™ form),
Ambersep 900, Dowex-1 (OH™ form), Dowex-3 (OH™ form),
Dowex 1-X4 (OH™ form), Dowex 1-1 9880, Dowex 1-10131,
Dowex 550 A (OH™ form), or Amberjet 4400.

In certain embodiments, the present invention relates to
any one ol the aforementioned methods, wherein the solid-
supported ammonium hydroxide reagent 1s a strong base,
type 1, anionic, macroreticular polymeric resin based on
crosslinked styrene divinylbenzene copolymer containing
quaternary ammonium groups, €.g., Amberlyst A26 (OH™
form) (Rohm and Haas, Philadelphia, Pa.).

An aspect of the invention relates to a method of deprotect-
ing a PIDA boronate, comprising the step of contacting a
solution comprising the chiral, non-racemic PIDA boronate
and a solvent with an aqueous solution of NaOH, thereby
deprotecting the chiral, non-racemic PIDA boronate and
forming a boronic acid and free PIDA ligand. This method 1s
particularly useful in connection with acid-sensitive sub-
strates (boronic acids ) because 1t does not include exposure to
acid for elution from a solid support.

Because water will be removed in subsequent steps, it 1s
generally desirable to limit the volume of the aqueous com-
ponent (solution of NaOH) introduced into the system to a
relatively small amount, e.g., about 25-33 percent of the vol-
ume of the solution comprising the chiral, non-racemic PIDA
boronate and 1ts solvent.

In certain embodiments, the present invention relates to the
aforementioned method, wherein the solvent comprises THE.

In certain embodiments, the present invention relates to the
aforementioned method, wherein the solvent 1s THF. In one
embodiment, the THF 1s dry and deoxygenated.

In certain embodiments, the present invention relates to the
alorementioned method, further comprising the steps of add-
ing diethyl ether, thereby generating a biphasic mixture com-
prising an organic phase comprising the boronic acid and free
PIDA ligand, and an aqueous phase; and separating the
organic phase comprising the boronic acid and free PIDA
ligand from the aqueous phase. The step of adding diethyl
cther can optionally include adding a reagent efiective for
quenching the reaction. In one embodiment, the reagent
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elfective for quenching the reaction 1s a phosphate buliler.
Again, because water will be removed 1n subsequent steps, it
1s generally desirable to limit the total amount of water 1ntro-
duced into the system to a relatively small amount, e.g., about
25-33 percent of the volume of the combined solution com-
prising the PIDA boronate, its organic solvent, and the aque-
ous solution of NaOH. In one embodiment, the phosphate
buifer 1s added 1n an amount approximately equal to the
volume of the aqueous solution of NaOH.

In certain embodiments, the present invention relates to
any one of the atorementioned methods, further comprising
the step of contacting the organic phase with one or more
drying agents selected from the group consisting of magne-
stum sulfate, diatomaceous earth, and molecular sieves,
thereby drying the organic phase comprising the boronic acid
and free PIDA ligand. A diatomaceous earth can be, for
example, Celite® (Fluka/Sigma-Aldrich, St. Louis, Mo.;
Celite Corp., Lompoc, Calit.).

In certain embodiments, the present invention relates to
any one of the atorementioned methods, further comprising
the step of deoxygenating the dried organic phase comprising,
the boronic acid and free PIDA ligand. In one embodiment,
the deoxygenation 1s accomplished by bubbling dry oxygen-
free gas through the organic phase comprising the boronic
acid and free PIDA ligand. In one embodiment, the oxygen-
free gas 1s argon.

Automated Small Molecule Synthesizers

With robust and general methods for the purification and
deprotection of PIDA boronates 1n hand, an apparatus with
the capacity for fully-automated synthesis of small molecules
via ICC (FIG. 4) was designed and built. In certain embodi-
ments, this apparatus 1s comprised of three modules, each
designed to promote a deprotection (D), cross-coupling (CC),
or purification (P) step required to execute the ICC scheme
described herein. In certain embodiments, all materials are
transierred between modules as solutions manipulated by a
series of main syringe pumps (e.g., eight) coordinated with a
suite of switchable valves (J-KEM Scientific). In certain
embodiments, all of the syringe pumps are driven by a com-
puter running a custom-made software program. One
embodiment of the machine 1s depicted 1n FIG. 4; additional
details regarding this machine are provided in the Exempli-
fication below.

Reaction System Design.

In certain embodiments, the cross-coupling reactions are
run in polypropylene tubes purchased from Luknova, item
#FC003012. The dimensions of the tube are 21 mmx120 mm
(IDxlength). The bottom of the tube 1s fitted with a 21 mm
diameterx4 mm tall frit. On top of this 1rit is secured via metal
wire a 13 mm diameterx4 mm tall frit. On top of the frit 1s
placed a large stir bar containing a rare-earth magnet (Big
Science Inc., SBM-13508-REH). The bottom of the tube 1s
accessed through a male Luer tip, while the top of the tube 1s
sealed with an air-tight, threaded cap containing a female
Luer port. The tube holds a solvent volume of up to 25 mL.
The tubes are placed 1n an aluminum heating block that was
custom fabricated. The heating block holds up to nine reac-
tion tubes. The tubes are held 3 cm above the surface of the stir
plate, where the bottom 4 cm of the tube 1s jacketed by the
heating block. The tubing to access the bottom of the reaction
tube goes through a hole in the side of the block near the
bottom.

The use of a polypropylene tube appears to be important in
simplitying the engineering of the reaction tube. Specifically,
the material 1s a good 1insulator such that only the portion that
1s jacketed by the heating block becomes hot. When the
heating block 1s heated to 60° C., the reaction solution reaches
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60° C. within several minutes. However, the portion of the
tube that 1s not jacketed remains at room temperature, acting
as a condenser, and thus the vapor above the solvent remains
at room temperature. When other materials such as glass were
used, the portion of the tube above the heating block became
hot and the solution quickly evaporated. Thus, if glass were to
be used instead of polypropylene, there would need to be an
additional cooling element 1n order to keep the solution from
escaping.

In certain embodiments of the system the tubes in the
reaction block are stirred constantly, regardless of whether
there 1s solution 1nside the tube. This keeps the system simple
since the stir plate does not need to be turned on or off, and
turther, the start and stop times of the reactions within the
block do not need to be coordinated. However, during pro-
longed stirring the stir bar 1n the tube acts as a mortar and the
frit as a pestle, such that the base becomes finely ground into
the pores of the irit. Further, the stir bar may be damaging the
top of the Irit even 1n the absence of base. In these situations
it becomes nearly impossible to withdraw solutions through
the 1rit since the top surface of the frit 1s clogged and/or
damaged. To overcome this limitation a reaction tube was
designed to contain two Irits of different sizes (FI1G. 8). This
way the stir bar only contacts the smaller top ir1t, and even 1t
the top surface of this ir1t 1s damaged or clogged, the solution
can be withdrawn through the sides of the small frit or through
the spaces open only to the larger 1rit. The wire 1s necessary to
secure the top 1rit so that 1t does not rotate sideways during the
reaction to become perpendicular to the larger irit. In certain
embodiments, a single frit could be fabricated to have a shape
similar to the combined {its.

Purification System Design.

The chromatographic properties of PIDA boronates that
enable the simple purification approach are discussed above.
Below i1s described how the engineering of the system sup-
ports the catch-and-release chromatography and precipita-
tion-based purification.

Because diluting the crude THF reaction solution with
hexanes will cause immediate precipitation of the chiral, non-
racemic PIDA boronate product, the mixing of THF and
hexanes must occur 1n a container of suificient volume to hold
the precipitated product. The solvents must also be thor-
oughly mixed so that the solution 1s homogeneous. Finally,
the addition of hexanes to the THF solution also causes reac-
tion byproducts to become insoluble. In some cases these
byproducts are sticky or form a very fine precipitate that can
clog a Int. In certain embodiments, a custom designed pre-
cipitation chamber 1n which to mix the crude THF solution
and hexanes can be used (FIG. 9). In certain embodiments,
the precipitation chamber contains Celite® which scavenges
the sticky impurities that precipitate and keeps this material
distributed throughout the Celite® so it does not clog the irit.
In certain embodiments, a stir bar 1n the chamber ensures
proper mixing. However, 1t was observed that 11 the stir bar
stirs continuously for several hours, the Celite® 1n the tube
becomes so finely ground that 1t can pass through the frit and
clog downstream processes. To solve this problem, after the
precipitation chamber 1s filled with solvent and mixed, the
solvent 1s withdrawn so that the stir bar becomes imbedded 1n
the dry Celite® and does not stir. In other words, the stir bar
can be made to stir only when 1t 1s needed—1.¢., when there 1s
solvent 1n the precipitation chamber—and, therefore, this
process does not require turming the stir plate on/ofl or coor-
dinating the stirring of other processes that use the same stir
plate. In certain embodiments, 3-aminopropyl-functionalized
silica gel 1s placed in the precipitation chamber to scavenge
palladium from a crude reaction solution.
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In certain embodiments, the precipitation chamber 1s first
filled with hexanes via the auxﬂlary pump (thus wetting the
S10, column with hexanes in the process). Then, a THF
reaction solution 1s added from the top. The main pump does
not handle both the hexanes and the THF solution because
residual hexanes in the syringe might cause the chiral, non-
racemic PIDA boronate product to precipitate in the syringe.
Further, the main pump does not withdraw the waste THE:
hexanes solution for this reason and to reduce contamination.
Thus, once the solvents are mixed 1n the precipitation cham-
ber, the solution 1s withdrawn by the auxiliary pump through
the S10, column and then sent to waste. Next, Et,O with
MeOH 1s added to the precipitation chamber, mixed, and then
withdrawn through the S10,, column and sent to waste. This
process 1s repeated with Et,O. At this point the pure chiral,
non-racemic PIDA boronate product remains as a precipitate
in the precipitation chamber or 1s at the very top of the S10,
column. The auxiliary pump then mjects THF through the
bottom of the S10, column, out through the top and through to
the precipitation chamber. Thus, it does not matter 1t the
chiral, non-racemic PIDA boronate product 1s initially 1n the
S10, column or 1n the precipitation chamber, since it will be
dissolved 1n THF at either location. This system reduces the
amount of THF used to elute/dissolve the product, allowing
the solution to be used 1n the next reaction without further
concentration. After the THF has been mixed in the precipi-
tation chamber for about 30 minutes, it 1s withdrawn by the
main pump through the 3-way union without again passing
through the S10, column.

Some important features of this setup are: the precipitation
event occurs 1n a mixing chamber; the mixing chamber con-
tains scavengers (Celite® and functionalized silica gel); the
stirring can be controlled 1n a simple way; the precipitation
chamber and S10, column are spatially separated; and the
configuration of pumps allows solvents to be added and with-
drawn at various junctions throughout the process.

Soltware.

The software that controls the machine can be described as
having three levels of complexity: the basic level, the func-
tional level, and the developed level. The basic level repre-
sents essentially the combination of 1’s and 0’s that can be
sent to the equipment to move the syringe pumps and valves.
The functional level represents the simplest commands to
move the equipment that could be understood by a person
looking at the computer code. The developed level represents
software specifically tailored to the automated synthesis
machine that can be used by non-experts to modify how the
synthesis 1s performed. The basic level 1s 1herent to the
equipment manufactured by Kloehn. The functional level
came from source code provided by J-KEM when the equip-
ment was purchased. The functional level 1s source code
written 1n VB.NET that packages the commands of the basic
level mnto easily executed subroutines. The developed level
was custom designed and written in VB.NET based on the
source code provided in the functional level.

More specifically, the machine 1s composed of a number of
syringe pumps and valves that are OEM parts from Kloehn.
The syringe pumps and valves were repackaged and sold by
J-KEM as a custom piece of hardware. The equipment is
controlled via a RS-485 serial port that sends and receives
simple text string commands written 1n machine language
specific to the Kloehn parts. Thus, on the simplest level the
machine can be controlled by sending simple text strings such
as “/xR”, but these commands are unintelligible to anyone
using the equipment. The equipment shipped from J-KEM
came with source code written 1 VB.NET that provides
subroutines to move the syringe pump to specific positions,
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change valves to specific positions, control the rate at which
the syringe moves, and open/close solenoid valves. The code
that was developed uses the subroutines from the code pro-
vided by J-KEM. The source code from J-KEM could be
removed and the software could communicate with the equip-
ment directly without losing functionality. However, the
source code from J-KEM would not be by 1tself enough to run
an automated synthesis. Thus, 1t was necessary to create
software to enable the development of the automated synthe-
s1s machine. Details regarding certain embodiments of the
soltware can be found in the Exemplification.

Automated Synthesizers.

One aspect of the invention relates to an automated small
molecule synthesizer comprising: (a) a deprotection module,
in fluid communication with (b) a drying and degassing mod-
ule, in fluid communication with (¢) a reaction module, 1n
fluid commumnication with (d) a purification module; at least
one pump which can move liquid from one module to
another; and a computer equipped with software; wherein all
of the modules are under the control of the computer.

In one embodiment, the deprotection module comprises
immobilized or solid-supported base, e.g., NaOH, as
described herein. In one embodiment, the deprotection mod-
ule 1s constructed and arranged so as to perform deprotection
with aqueous base, e.g., aqueous NaOH, as described herein.

In one embodiment, the purification module comprises a
combined (or “hybrid”) precipitation and catch-and-release
module.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the deprotection module comprises a
deprotection chamber which comprises a first opening at the
top of the chamber, a second opening at the bottom of the
chamber, a first {11t covering the second openming, and a solid-
supported ammonium hydroxide reagent.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the deprotection chamber comprises a
cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the deprotection
chamber 1s a polypropylene cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the deprotection
chamber has a length of between about 100 mm and 140 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the deprotection
chamber has a length of about 120 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the deprotection
chamber has an interior diameter of between about 18 mm
and about 24 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the deprotection
chamber has an interior diameter of about 21 mm.

In certain embodiments, the present invention relates to
any one ol the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the deprotection
chamber has a volume of about 25 mlL.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the solid-supported ammonium
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hydroxide reagent 1s a strong base anion exchange resin, e.g.,
Amberlite IRA-400 (OH™ form), Amberlite IRA 420 (OH™
form), Amberlite IRA 410 (OH™ form), Amberlite IRN-150,
Amberlite IRA 900 (OH™ form), Amberlite IRA 904 (OH™
form), Amberlite IRA 910 (OH™ form), Amberlite A5836,
Amberlyst A26 (OH™ form), Ambersep 900, Dowex-1 (OH™
form), Dowex-3 (OH™ form), Dowex 1-X4 (OH™ form),
Dowex 1-1 9880, Dowex 1-10131, Dowex 550 A (OH™ form),
or Amberjet 4400.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wheremn the solid-supported ammonium
hydroxide reagent 1s a strong base, type 1, anionic, macrore-
ticular polymeric resin based on crosslinked styrene divinyl-
benzene copolymer containing quaternary ammonium
groups, €.g., Amberlyst A26 (OH™ form).

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the deprotection module further com-
prises a source of gas; wherein the source of gas can be placed
in fluid communication with the deprotecting chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the drying and degassing module com-
prises a combined drying and degassing chamber which com-
prises a first opening at the top of the combined drying and
degassing chamber, a second opening at the bottom of the
combined drying and degassing chamber, a first frit covering
the second opening, and a plunger; and the drying and degas-
sing module 1s 1n fluid commumnication with the deprotection
module.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the combined drying and degassing
chamber further comprises a diatomaceous earth, e.g.,
Celite®.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the combined drying and degassing
chamber further comprises activated molecular sieves.

In certain embodiments, the present invention relates to

any one of the aforementioned automated small molecule
synthesizers, wherein the molecular sieves are 4 angstrom,
8-12 mesh.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the combined drying and degassing
chamber further comprises potassium carbonate.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the fluid communication is a result of
the connection of the second opening of the deprotection
chamber to the second opening of the combined drying and
degassing chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the combined drying and degassing
chamber comprises a cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the combined
drying and degassing chamber 1s a polypropylene cylindrical
tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
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synthesizers, wherein the cylindrical tube of the combined
drying and degassing chamber has a length of between about
100 mm and 140 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the combined
drying and degassing chamber has a length of about 120 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the combined
drying and degassing chamber has an interior diameter of
between about 18 mm and about 24 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the combined
drying and degassing chamber has an interior diameter of
about 21 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the combined
drying and degassing chamber has a volume of about 25 mL.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, further comprising a source of argon.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the argon can be placed 1n fluid com-
munication with the combined drying and degassing chamber
to sparge the contents of the combined drying and degassing
chamber; and the plunger prevents solids from lifting during
sparging.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first opening of the combined dry-
ing and degassing chamber 1s vented to an 1nert gas atmo-
sphere which 1s maintained near atmospheric pressure via
venting through an oil-filled bubbler.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the argon can be placed 1n fluid com-
munication with the combined drying and degassing chamber
through the second opening of the tube of the combined
drying and degassing chamber while the first opening of the
tube of the combined drying and degassing chamber 1s vented
to an 1nert gas atmosphere.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers wherein the drying and degassing module com-
prises a drying chamber and a degassmg chamber; the drying
chamber comprises a first opening at the top of the drying
chamber, a second opemng at the bottom of the drying cham-
ber, a first irit covering the second opemng,, and a plunger; the
degassing chamber comprises a first openmg at the top of the
degassing chamber and a second opening at the bottom of the
degassing chamber; the drying chamber 1s 1n fluid communi-
cation with the degassing chamber; and the degassing cham-
ber 1s 1n fluid communication with the deprotection module.

In certain embodiments, the present invention relates to
any one ol the aforementioned automated small molecule
synthesizers, wherein the drying chamber further comprises a
diatomaceous earth, such as Celite®.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the drying chamber further comprises
activated molecular sieves.
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In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the molecular sieves are 4 angstrom,
8-12 mesh.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the drying chamber further comprises
potassium carbonate.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the fluild communication between the
drying chamber and the degassing chamber 1s a result of the
connection of the second opening of the drying chamber to
the second opening of the degassing chamber.

In certain embodiments, the present imnvention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the fluild communication between the
drying and degassing module and the degassing chamber 1s a
result of the connection of the second opening of the degas-
sing chamber to the deprotection module.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the drying chamber comprises a cylin-
drical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the drying cham-
ber 1s a polypropylene cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the drying cham-
ber has a length of between about 100 mm and 140 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the drying cham-
ber has a length of about 120 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the drying cham-
ber has an interior diameter of between about 18 mm and
about 24 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the drying cham-
ber has an interior diameter of about 21 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the drying cham-
ber has a volume of about 25 mL.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the degassing chamber comprises a
cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the degassing
chamber 1s a polypropylene cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the degassing
chamber has a length of between about 100 mm and 140 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the degassing
chamber has a length of about 120 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
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synthesizers, wherein the cylindrical tube of the degassing
chamber has an interior diameter of between about 18 mm
and about 24 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the degassing
chamber has an iterior diameter of about 21 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule

synthesizers, wherein the cylindrical tube of the degassing
chamber has a volume of about 25 mL.

In certain embodiments, the present invention relates to
any one of the atorementioned automated small molecule
synthesizers, further comprising a source of argon.

In certain embodiments, the present invention relates to
any one of the atorementioned automated small molecule
synthesizers, wherein the argon can be placed 1n fluid com-
munication with the degassing chamber to sparge the contents
of the degassing chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first opening of the degassing
chamber 1s vented to an nert gas atmosphere which 1s main-
tained near atmospheric pressure via venting through an o1l-
filled bubbler.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the argon can be placed 1n fluid com-
munication with the degassing chamber through the second
opening of the tube of the degassing chamber while the first
opening of the tube of the degassing chamber 1s vented to an
inert gas atmosphere.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction module comprises a reac-
tion chamber which comprises a first opening at the top of the
reaction chamber, a second opening at the bottom of the
reaction chamber, a first frit covering the second opening, and
a stir bar; wherein the reaction module 1s 1n fluid communi-
cation with the drying and degassing module.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction module comprises a third
opening at the top of the reaction chamber through which a
liquid can be added to the reaction chamber without contact-
ing the sidewalls or the bottom of the reaction chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first opening of reaction chamber 1s
vented to an mert atmosphere.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first opening of the reaction cham-
ber 1s fitted with a Iritted tube to prevent fine solids from
escaping from the reaction chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first opening of the reaction cham-
ber 1s vented to an inert atmosphere maintained near atmo-
spheric pressure via venting through an oil-filled bubbler.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein both the second opening and third
opening of the reaction chamber are in fluid communication
with the second opening of the drying and degassing chamber
at the same time.
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In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction chamber comprises a
cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the reaction
chamber 1s a polypropylene cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the reaction
chamber has a length of between about 100 mm and 140 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the reaction
chamber has a length of about 120 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the reaction
chamber has an interior diameter of between about 18 mm
and about 24 mm.

In certain embodiments, the present invention relates to
any one of the atorementioned automated small molecule
synthesizers, wherein the cylindrical tube of the reaction
chamber has an 1nterior diameter of about 21 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the reaction
chamber has a volume of about 25 mlL.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction chamber further comprises
a second 1rit between the stir bar and the first frit; wherein the
second 1r1t 1s smaller than the first fr1t.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the second irit and the first {11t are held
together with a wire, to prevent the second frit from turning,
perpendicular to the first frit.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first frit 1s disc-shaped; the first trit
has a diameter of between about 18 mm and about 24 mm: and
the first frithas a height between about 2 mm and about 6 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first irit 1s disc-shaped; the first frit
has a diameter of about 21 mm; and the first frit has a height
of about 4 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the second 1rit 1s disc-shaped; the sec-
ond Irit has a diameter between about 16 mm and about 10
mm; and the second 1rit has a height between about 2 mm and
about 6 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the second irit 1s disc-shaped; the sec-
ond frit has a diameter of about 13 mm; and the second 1rit has
a height of about 4 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the shape of the first frit 1s that of a first
disc on top of a second disc; wherein the diameter of the first
disc 1s smaller than the diameter of the second disc.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
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synthesizers, wherein the shape of the first frit prevents solids
from passing through the second opeming of the reaction
chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction module further comprises
a stir plate which turns the stir bar.

In certain embodiments, the present invention relates to
any one of the atorementioned automated small molecule
synthesizers, wherein the reaction module further comprises
a heating block which can heat the contents of the reaction
chamber.

In certain embodiments, the present 1nvention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein at least a portion of the reaction cham-
ber 1s jacketed by the heating block.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction chamber further comprises
a transition metal salt.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the transition metal salt 1s adsorbed
onto a solid.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the transition metal salt 1s palladium
acetate.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the solid onto which the transition
metal salt 1s adsorbed 1s cesium carbonate.

In certain embodiments, the present invention relates to
any one ol the aforementioned automated small molecule
synthesizers, wherein the reaction chamber further comprises
a phosphine ligand.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the phosphine ligand 1s adsorbed onto a
solid.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the phosphine ligand 1s S-Phos (2-di-
cyclohexylphosphino-2',6'-dimethoxybiphenyl).

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the catalyst 1s derived from an air-
stable palladium precatalyst.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the solid onto which the phosphine
ligand 1s adsorbed 1s cestum carbonate.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction chamber further comprises
a base.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the base in the reaction chamber 1s
potassium hydroxide.

In certain embodiments, the present invention relates to
any one ol the aforementioned automated small molecule
synthesizers, wherein the reaction run 1n the reaction chamber
1S a cross-coupling reaction.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction run 1n the reaction chamber
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1s selected from the group consisting of a Suzuki-Miyaura
coupling, an oxidation, a Swern oxidation, a “Jones reagents”
oxidation, a reduction, an Evans’ aldol reaction, an HWE
olefination, a Takai olefination, an alcohol silylation, a desi-
lylation, a p-methoxybenzylation, an 10dination, a Negishi
cross-coupling, a Heck coupling, a Miyaura borylation, a
Stille coupling, and a Sonogashira coupling.

In certain embodiments, the present imnvention relates to
any one of the atorementioned methods, wherein the chemi-
cal reaction 1s selected from epoxidation, nucleophilic sub-
stitution, electrophilic substitution, oxidation, dihydroxyla-
tion, carbonylation, alkenation, cyclopropanation,
cycloaddition, conjugate addition, Michael addition, Diels-
Alderreaction, and transition metal-catalyzed cross-coupling,
reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the transition metal-catalyzed cross-cou-
pling reaction 1s a Suzuki-Miyaura reaction.

In accordance with any one of the foregoing embodiments,
in one embodiment, the chemical reaction 1s epoxidation.

In accordance with any one of the foregoing embodiments,
in one embodiment, the epoxidation is selected from the
group consisting of Sharpless epoxidation and Jacobsen
epoxidation.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the reaction run 1n the reaction chamber
1s a Suzuki-Miyaura coupling.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the chemical reaction run in the reac-
tion chamber comprises the step of contacting a chiral, non-
racemic PIDA boronate with a reagent, wherein the chiral,
non-racemic PIDA boronate comprises a boron having an sp>
hybridization, a PIDA protecting group bonded to the boron,
and an organic group bonded to the boron through a boron-
carbon bond; the organic group 1s chemically transformed,
and the boron 1s not chemically transformed.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the chiral, non-racemic PIDA boronate
1s represented by

(D

wherein:
B is a boron atom having sp> hybridization;
R* 1s a chiral group

R23

hii:

R2 | R22

of at least 90% enantiomeric excess:
R*" and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and
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R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 3-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of N,
O, and S;

R** is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R' is selected from the group consisting of

XJ’

R'! and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
croaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'' and any one instance of R'?, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen;

cach mstance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of 7 are N;

X' is selected from the group consisting of CR’R®, O, S,
and NR”;

R" and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R® and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R” and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mi1s 0, 1, or 2;

nis 0, 1, or 2; and

p1s 0, 1, or 2.

In an alternative embodiment, all else being the same, R’
and R*, and/or R° and R*, are independently selected from the
group consisting of hydrogen and (C1-C3)alkyl.

In one embodiment, R* 1s
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In one embodiment, R* 1s

In one embodiment, R* 1s

In one embodiment, R* 1s selected from the group consist-
ing of

/\‘
P

CHs.

: :CH3 and

In one embodiment, R* 1s selected from the group consist-
ing of

\

CH; CH;.

and

/

In one embodiment, R* 1s selected from the group consist-
ing of

In one embodiment, R*' and R**, taken together, form a
5-10-membered cycloalkyl or aromatic ring, or form a 5-10-

membered heterocyclic or heteroaromatic ring comprising,
1-3 heteroatoms independently selected from the group con-

sisting of N, O, and S.
In one embodiment, R* 1s

CHs.
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In one embodiment, R* 1s

CHs.

In one embodiment, R* 1s

e
I o
3 .

In one embodiment, R* 1s

9\0&1.

In one embodiment, R* 1s

.
""OBn.

In one embodiment, R* 1s

OBn.

>

In accordance with any one of the foregoing embodiments,
in one embodiment, R and R°® are independently selected
from the group consisting of hydrogen and (C1-C3)alkyl.

In accordance with any one of the foregoing embodiments,
in one embodiment, m 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, in one embodiment,
m 1s 1. Alternatively, in accordance with any one of the
foregoing embodiments, in one embodiment, m 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R' is
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nis 0, p is 0, each instance of R"** is hydrogen, and R"" is
selected from the group consisting of aryl and methyl.

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R19is

15

X 20

nis 0, X'is CH,, and R"'" is methyl.

Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, 1n one embodiment, 25
R'"1is

HO/\/% 30

Alternatively, 1n accordance with any one of the foregoing 35

embodiments not otherwise excluded, in one embodiment,
R is

40
TBSO/\/%

45
In accordance with any one of the foregoing embodiments,

in one embodiment, R* 1s a chiral group

/(,\)XRZS >0
i o

RZ | RZZ

of at least 95% enantiomeric excess. In accordance with any 55
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

R4 60

i

RZ | R22

of at least 98% enantiomeric excess. In accordance with any 45
one of the foregoing embodiments, in one embodiment, R* 1s
a chiral group

90

R23

1t

R2 | R22

of at least 99% enantiomeric excess.

In certain embodiments, the present invention relates to

any one of the aforementioned methods, wherein the chiral,
1o hon-racemic PIDA boronate 1s represented by

(1)

Rl
q RZ
N —

R30
/ }FHAO
B—0O
-~
107\
R O O
wherein:

B is a boron atom having sp> hybridization;

the carbon atom marked “*”” 1s a chiral carbon atom of at
least 90% enantiomeric excess;

R'® is selected from the group consisting of

RIZ RIZ
N Va ) R
R]Z RJZ
X
# \%
I 25
V4
R]l.
#
Xn’

R'! and each instance of R'# are independently selected

from the group consisting of hydrogen, halogen,

hydroxyvl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R**, or
any two instances of R'>, taken together, form a 3-10-
membered ring;

X 1s halogen:;

cach mstance of 7Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ and R”" are independently selected from the group con-
sisting of hydrogen and (C1-C3)alkyl;

nis 0, 1, or 2;
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p1s 0,1, or 2; and

qis 1 or2.

In an alternative embodiment, all else being the same, R’
and R” are independently selected from the group consisting
of hydrogen and (C1-C3)alkyl.

In one embodiment, the compound of formula (II) 1s

In accordance with any one of the foregoing embodiments,
in one embodiment, n 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, n
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, in one embodiment, n 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, p 1s 0. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, p
1s 1. Alternatively, 1n accordance with any one of the forego-
ing embodiments, 1n one embodiment, p 1s 2.

In accordance with any one of the foregoing embodiments,
in one embodiment, g 1s 1. Alternatively, 1n accordance with
any one of the foregoing embodiments, 1n one embodiment, q
1s 2.

In accordance with any one of the foregoing embodiments
not otherwise excluded, in one embodiment, R*° is

nis 0, p is 0, each instance of R"* is hydrogen, and R'" is
selected from the group consisting of aryl and methyl.
Alternatively, 1n accordance with any one of the foregoing

embodiments not otherwise excluded, 1n one embodiment,
R'is

XJ’

nis 0, X'is CH,, and R"" is methyl.
Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R1Yis

7

HO

Alternatively, 1n accordance with any one of the foregoing
embodiments not otherwise excluded, in one embodiment,

R19is
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7

1TBSO

In accordance with any one of the foregoing embodiments,
in one embodiment the carbon atom marked “*” 1s a chiral
carbon atom of at least 95% enantiomeric excess. In accor-
dance with any one of the foregoing embodiments, in one
embodiment the carbon atom marked “*” 1s a chiral carbon
atom of at least 98% enantiomeric excess. In accordance with
any one of the foregoing embodiments, 1n one embodiment
the carbon atom marked “*” 1s a chiral carbon atom of at least
99% enantiomeric €xcess.

In certain embodiments, the present 1nvention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the purification module comprises a
precipitation chamber and a silica column; the precipitation
chamber comprises a {irst opening at the top of the precipita-
tion chamber, a second opening at the bottom of the precipi-
tation chamber, a first 111t covering the second opening, a stir
bar, and a diatomaceous earth (such as Celite®); and the silica
column comprises a first opening at the top of the column, a
second opening at the bottom of the column, a second 1irit
covering the top opening of the column, a third frit covering
the bottom opening of the column, and silica; wherein the
purification module 1s 1n fluid communication with the reac-
tion module.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the precipitation chamber comprises a
cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the precipitation
chamber 1s a polypropylene cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the precipitation
chamber has a length of between about 100 mm and 140 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the precipitation
chamber has a length of about 120 mm.

In certain embodiments, the present invention relates to
any one ol the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the precipitation
chamber has an interior diameter of between about 18 mm
and about 24 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the precipitation
chamber has an interior diameter of about 21 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the precipitation
chamber has a volume of about 25 mL.

In certain embodiments, the present invention relates to
any one ol the aforementioned automated small molecule
synthesizers, wherein the precipitation chamber further com-
prises a resin which scavenges metals.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the precipitation chamber further com-
prises activated charcoal.
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In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the purification module further com-
prises a stir plate which turns the stir bar.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the diatomaceous earth (e.g., Celite®)
in the precipitation chamber prevents the stir bar from turning
if there 1s no solvent 1n the precipitation chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the first frit of the precipitation cham-
ber keeps the diatomaceous earth 1n the precipitation cham-
ber.

In certain embodiments, the present imnvention relates to
any one of the atorementioned automated small molecule
synthesizers, wherein the silica column 1s a cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the silica column
1s a polypropylene cylindrical tube.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the silica column
has a length of between about 100 mm and 140 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the silica column
has a length of about 120 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the silica column
has an interior diameter of between about 18 mm and about 24
mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the silica column
has an 1nterior diameter of about 21 mm.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the cylindrical tube of the silica column
has a volume of about 25 mL.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the second irit of the silica column and
third irit of the silica column keep the silica in the silica
column.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the silica 1s functionalized with amino
groups.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the purification module further com-
prises an auxiliary pump.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, further comprising a solvent reservoir contain-
ing hexane.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the purification module 1s 1n fluid com-
munication with the reservoir of hexane; and the auxiliary
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pump provides hexane from the reservoir to the precipitation
chamber by passing the hexane 1nto the silica column through
the second opening of the silica column, out of the silica
column through the first opening of the silica column, and
into the precipitation chamber through the second opening of
the precipitation chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the auxiliary pump can remove the
hexane by passing the hexane into the second opening of the
precipitation chamber, through the first opening of the silica
column and out the second opening of the silica column.

In certain embodiments, the present invention relates to
any one of the atorementioned automated small molecule
synthesizers, further comprising a solvent reservoir contain-
ing diethyl ether.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the purification module 1s 1n fluid com-
munication with the reservoir of diethyl ether; and the auxil-
1ary pump provides diethyl ether from the reservoir to the
precipitation chamber by passing the diethyl ether into the
silica column through the second opening of the silica col-
umn, out of the silica column through the first opeming of the
silica column, and into the precipitation chamber through the
second opening of the precipitation chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the auxiliary pump can remove the
diethyl ether by passing the diethyl ether into the second
opening of the precipitation chamber, through the first open-
ing of the silica column and out the second opening of the
s1lica column.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, further comprising a solvent reservoir contain-
ing diethyl ether containing 1.5% methanol by volume.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the punfication module 1s 1n fluid com-
munication with the reservoir of diethyl ether contaiming
1.5% methanol by volume; and the auxiliary pump provides
diethyl ether containing 1.5% methanol by volume from the
reservolr to the precipitation chamber by passing the diethyl
ether into the silica column through the second opening of the
s1lica column, out of the silica column through the first open-
ing of the silica column, and into the precipitation chamber
through the second opening of the precipitation chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the auxiliary pump can remove the
diethyl ether containing 1.5% methanol by volume by passing
the diethyl ether containing 1.5% methanol by volume 1nto
the second opening of the precipitation chamber, through the
first opening of the silica column and out the second opening
of the silica column.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, further comprising a waste container; wherein
the second opening of the silica column 1s 1 fluid communi-
cation with the waste container.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
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synthesizers, further comprising a solvent reservoir contain-
ing THE.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the purification module 1s 1n fluid com-
munication with the reservoir of THF; and the auxiliary pump
provides THF from the reservoir to the precipitation chamber
by passing the THF into the silica column through the second
opening of the silica column, out of the silica column through
the first opening of the silica column, and into the precipita-
tion chamber through the second opeming of the precipitation
chamber.

In certain embodiments, the present invention relates to
any one of the aforementioned automated small molecule
synthesizers, wherein the second opening of the precipitation
chamber can be placed in fluid communication with the first
opening of the silica column via a three-way valve; wherein a
first port on the valve 1s connected to the second opeming of
the precipitation chamber, a second port on the valve 1s con-
nected to the first opening of the silica column, and a third port
on the valve can be used to withdraw a solution from the
precipitation chamber without passing the solution through
the silica column.

Another aspect of the invention relates to any one of the
alorementioned automated small molecule synthesizers,
comprising: one or more deprotection modules; one or more
drying and degassing modules; one or more reaction mod-
ules; one or more purification modules; at least one pump
which can move liquid from one module to another; and a
computer equipped with software; wherein all of the modules
are under the control of the computer.

Another aspect of the invention relates to any one of the
alforementioned automated small molecule synthesizers com-
prising: a plurality of deprotection modules; a plurality of
drying and degassing modules; a plurality of reaction mod-
ules; a plurality of punification modules; at least one pump
which can move liquid from one module to another; and a
computer equipped with soltware; wherein all of the modules
are under the control of the computer.

Alternative Embodiment Using Aqueous Deprotection

Module.

The aqueous deprotection module consists of equipment
necessary to complete a solution-phase aqueous base-medi-
ated chiral, non-racemic PIDA boronate deprotection, a sepa-
ration of the resulting biphasic mixture, a predrying and dry-
ing of the organic layer (e.g., ethereal solution of the boronic
acid), and a deoxygenation/concentration of the dried organic
layer 1n preparation for a cross-coupling.

Specifically, two syringe pumps and an argon solenoid are
utilized in the new deprotection module (FIG. 9). The primary
syringe pump, which 1s used for the majority of liquid han-
dling during an entire sequence, handles organic solvents and
solutions. A dedicated aqueous syringe pump 1s utilized to
handle all aqueous reagents (water, 0.5 M, pH=6, potassium
phosphate builer, and 50% saturated sodium chloride). This
1solation of aqueous solutions to a dedicated syringe pump
mimmizes water contamination throughout the rest of the
machine. The argon solenoid 1s used to deliver a flow of dry
argon for agitating the deprotection and for concentrating and
deoxygenating the final solution of boronic acid.

For example, deprotection at the beginming of a multistep
sequence begins with solid chiral, non-racemic PIDA bor-
onate (1 mmol, 1 equiv) and solid sodium hydroxide (3 mmol,
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3 equivs) 1 a 12-g Luknova cartridge. The primary pump
delivers dry deoxygenated THF (10 mL, 0.1 M) to dissolve
the PIDA boronate. The aqueous pump then delivers deion-
1zed water (3 mL, 0.33 M), creating a biphasic mixture, to
dissolve the sodium hydroxide. A flow of dry argon 1s then
delivered (1n short 0.5-2 second pulses) from the bottom of
the tube, bubbling through and agitating the biphasic mixture
for 10 minutes at which time the deprotection 1s complete.
Then, simultaneously the aqueous pump delivers phosphate
builer (3 mL) to quench the reaction, and the primary pump
delivers diethyl ether (5 mL) to prepare for the separation.
The aqueous pump then agitates the quenched reaction with
several injections of atmospheric air. The aqueous pump then
aspirates the biphasic reaction mixture, pauses to allow full
separation, and returns the remaining organic layer to the
deprotection tube. The aqueous layer 1s injected to waste and
the aqueous pump delivers 50% saturated sodium chloride (3
ml) to the deprotection tube and agitates the mixture with
several 1injections of air. Again, the aqueous pump aspirates
the biphasic mixtures, pauses to allow full separation, and
returns the organic layer to the deprotection tube. The aque-
ous layer 1s mjected to waste.

This separation has been shown to be reproducible 1n the
production of aqueous layer volumes. On a 1 mmol scale the
firstaqueous layer1s 6.0 mL (0.1 mL). On a 0.66 mmol scale
the first aqueous layer 1s 6.2 mL (0.1 mL). On a 0.33 mmol
scale the firstaqueous layer 1s 6.4 mL (0.1 mL). The aqueous
salt volume has been shown to be 3.8 mL (£0.1 mL) regard-
less of reaction scale.

Subsequent deprotections begin with the purified chiral,
non-racemic PIDA boronate as a solution in THF (from the
automated purification) being 1njected 1nto a new deprotec-
tion tube containing sodium hydroxide. The remainder of the
deprotection proceeds as described above. For these down-
stream deprotections the only difference in experimental
setup 1s the amount of sodium hydroxide used (the stoichi-
ometry 1s always 3 equivalents with respect to the PIDA
boronate). The solvent and reagent volumes remain the same
and are as outlined above. The separation volumes have
shown a scale dependency and are as outlined above. The
remaining manipulations (predrying, drying, and deoxygen-
ating and concentration) proceed as described below. The
relative volumes and quantities of solvents and reagents are
independent of reaction scale.

Predrying of the still-wet organic layer (ethereal solution of
boronic acid) removes the bulk of the remaining water. In one
embodiment, the predrying tube 1s a 12-g Luknova cartridge
containing a mixture of Celite® (800 mg) and anhydrous
magnesium sulfate (2.1 g). A 5-mL polypropylene syringe
plunger 1s placed on top of the solid mixture. The two solids
are mixed intimately to prevent clumping of the magnesium
sulfate clathrate. Additionally, the syringe plunger prevents
movement of the solids up the tube as liquids are injected. To
begin the predrying step, the primary pump delivers 5 mL of
dry deoxygenated THF to the predrying tube. It has been
shown that the solids adsorb approximately 5 mL of THF
during this process, so wetting the solids with clean THF
prevents loss of volume. Next, the primary pump transiers the
organic layer from the deprotection tube into the predrying
tube. The solution 1s passed over the solid mixture by repeated
aspiration/injection (rate=15 ml/min) via the primary pump.
In total, the solution 1s agitated 1n this manner 20 times. At this

point the bulk water has been removed from the solution of
boronic acid.
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Drying of the ethereal boronic acid solution 1s required to
remove the remaiming residual water. In one embodiment, the
drying tube 1s a 12-g Luknova cartridge containing a layer of
Celite® (300 mg) topped with activated molecular sieves (4
A, -325 mesh, 3.6 g). A 5-mL polypropylene syringe plunger
1s placed on top of these solids. The bottom layer of Celite®
prevents clogging of the tube 1rit by the fine molecular sieves.
The syringe plunger prevents movement of solids as
described above. To begin the drying step, the primary pump
delivers 5 mL of dry deoxygenated THF to the predrying tube.
As described above, this prevents loss of volume. Next, the
primary pump transiers the predried solution of boronic acid
from the predrying tube to the drying tube. Similar to the
agitation method described above, the solution 1s passed over
the solids by repeated aspiration/injection (rate=5 mlL/min)
via the primary pump. In total, the solution 1s agitated 1n this
manner 12 times. The rate of aspiration during the drying step
achieves appropriate aspiration and thereby thorough agita-
tion. Specifically, a slow aspiration rate of about 5 mL/min
ciliciently aspirates the boronic acid solution through the
layer of molecular sieves. Faster rates result in the build-up of
vacuum that 1s dissipated by solvent evaporation rather than
solution aspiration; boronic acid solution 1s not efficiently
passed over the molecular sieves and remains wet. At this
point the boronic acid solution has been thoroughly dried.

Deoxygenating the boronic acid solution 1s required in
preparation of the cross-coupling reaction. Specifically, the
solution needs to be deoxygenated for the coupling to proceed
productively. Additionally, concentration of the solution 1s
uselul to remove any diethyl ether that 1s still present from the
deprotection workup, as well as to maintain a workable vol-
ume for the cross-coupling reaction. Workable relative vol-
umes for the coupling reactions have been determined to be 9
ml of boronic acid solution for all couplings, regardless of
reaction scale. As an exception, the final reaction 1n a
sequence requires a boronic acid solution of 2 mL. In one
embodiment, the concentration tube 1s an empty 12-g
Luknova cartridge. To begin the deoxygenating/concentra-
tion step, the primary pump transiers the dry boronic acid
solution to the concentration tube. Then, dry argon 1s bubbled
through the solution to simultaneously deoxygenate and con-
centrate. The argon flow begins with short 0.5 second pulses
and these pulses become progressively longer over the course
of 3 minutes, at which point the argon flow remains on con-
tinuously. This concentration process has been shown to
reduce volume at an approximate rate of 0.1 mL/min. Before
concentration, the volume 1s 18 mL and, therefore, approxi-
mately 90 minutes of argon flow reduces the volume to 9 mL.
The resulting dry, deoxygenated, concentrated solution of
boronic acid 1s suitable for addition to an anhydrous cross-
coupling reaction.

The aqueous deprotection module represents a robust and
predictable method for the automation of chiral, non-racemic
PIDA boronate deprotection reactions. These types of aque-
ous conditions are known to work for many sensitive boronic
acids 1n the context of non-automated synthesis, and, as such,
this automated deprotection 1s expected to work reliably for a
wide range of sensitive substrates. This aqueous deprotection
module, however, differs from previously reported methods
of chiral, non-racemic PIDA boronate deprotection 1n several
ways. The changes employed in the automated process rela-
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tive to the procedure utilized in published solution-phase
reactions include argon flow agitation and argon sparging
deoxygenation/concentration, a three-step drying strategy,

the minimization and use of specific solvent volumes, and
controlled slow-rate aspiration for liquid handling.

In a non-automated chiral, non-racemic PIDA boronate
deprotection, agitation of the biphasic reaction 1s achieved
with conventional stirring (magnetic stir bar and stirring

plate). The aqueous deprotection module of the mvention
utilizes argon gas flow to agitate the deprotection reaction. As
argon 1s passed through the irit of the deprotection tube, the
resulting bubbles provide highly eflicient agitation of the
biphasic system. The agitation 1s suificient to achieve full
conversion at room temperature 1 10 min (similar to non-
automated conditions) without the use of a stir plate. Further-
more, the aqueous deprotection module uses argon flow to
sparge and concentrate the boronic acid solution. In non-
automated syntheses with stable boronic acids, the acid 1s
typically 1solated as a solid and submitted to a cross-coupling
in the presence of deoxygenated solvent. In the case of
unstable boronic acids, the acid 1s typically not 1solated, but
concentrated to some small volume by iterative concentra-
tions from deoxygenated solvent. Use of argon sparging and
gas flow concentration simultaneously in the automated sys-
tem deoxygenates the boronic acid solution and concentrates
it. This provides a coupling-ready boronic acid solution with-
out the need to 1solate a potentially unstable boronic acid.

Drying of the boronic acid solution for a non-automated
synthesis typically involves drying over an anhydrous drying
reagent, filtration through Celite®, and subsequent washing
of the drying reagent. The use of excess drying reagent can
insure complete drying, and the use of copious solvent vol-
umes can isure quantitative recovery. This increased solvent
volume presents a challenge in the context ol automation.
That 1s, all the excess volume accumulated 1n the automated
process would need to be concentrated downstream. In order
to minimize the accumulation of solvent, which 1s closely
connected to the drying process, the automated system uti-
lizes a cooperative three-step drying strategy and specific
solvent volumes. The first of the three steps 1s a 50% saturated
sodium chloride extraction of the organic phase of the depro-
tection reaction. This removes some bulk water from the
organic phase and, as described above, does so with repro-
ducible specific volumes. The second of the three steps 1s the
predrying of the boronic acid solution over anhydrous mag-
nesium sulfate, which removes more bulk water from the
solution. The final step 1s the drying over molecular sieves,
which removes the remaiming residual water. As described
above, each step uses specific predetermined solvent volumes
to maintain minimized, yet reproducible solvent accumula-
tion. This process, coupled with the use of predetermined,
minimized quantities of drying agents, maximizes drying and
substrate recovery while minimizing solvent accumulation.

Another key difference between previously reported meth-

ods for non-automated syntheses and the automated system
of the invention 1s the use of controlled slow-rate aspiration
for liquid handling. The decreased aspiration rate during the
drying step, as described above, has enabled efficient han-
dling of liquids. Specifically, aspiration rates above 2 mL/min
during the drying step cause a build-up of vacuum 1n the
primary syringe pump. The vacuum 1s then relieved by the
evaporation of solvent. As a result, the boronic acid solution
1s not fully aspirated and 1s not efficiently dried over the
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molecular sieves. Using a decreased aspiration rate mini-
mizes the build-up of vacuum and allows for full aspiration of
the boronic acid solution. This slow-rate aspiration approach
has also been applied to the aspiration of crude cross-cou-
pling reaction mixtures.

Specific volumes and amounts disclosed above can, of
course, be scaled up or down to suit larger or smaller overall
scale automated machines, respectively, provided that the
scaled volumes and scaled amounts remain proportional to
one another.

An Exemplary Automated Coupling Cycle.

An example of one complete cycle of automated coupling
proceeds as follows.

Step 1.

In the deprotection module, catch and selective release-
based hydrolysis of a chiral, non-racemic PIDA boronate
yields a freshly-prepared boronic acid as a solution in THF.

In this example, the deprotection of PIDA-protected orga-
noboronic acids via solid-supported ammonium hydroxide
reagent proceeds without the use of added bulk water, thereby
avoiding the need to remove bulk water prior to a subsequent
anhydrous reactions (such as a cross-coupling). A range of
aqueous deprotection conditions in the context of the auto-
mated synthesis were tried but the following problems were
found:

The amount of solvent required to extract the boronic acid
product depended on the identity of the boronic acid.
Polar boronic acids required much more solvent. Some
boronic acids were too polar to be effectively extracted.

The amount of solvent used 1n the extraction step would
require an additional evaporation step to obtain a rea-
sonable concentration.

Removing the large amount of water 1n the organic phase
required very large amounts of drying reagents that
became impractical.

Completely removing the water mtroduced 1n the depro-
tection step from the machine was very difficult from an
engineering standpoint. Residual water persisted 1n the
tubing and syringes.

Running the deprotection reaction with solid KOH and
anhydrous THF did not proceed. Running the deprotection
reaction with solid KOH and 1% water in THF was not a
general solution because the two products of the deprotection
reaction, N-pinine iminodiacetic acid bis potassium salt and
the boronate salt (the boronic acid reacts with KOH to pro-
duce the anionic boronate species), were both insoluble 1n
THF and aggregated to cause the water and the THF to sepa-
rate and the KOH to be sequestered, thus stalling the reaction.
The use of Amberlyst A26(OH) resin solved all of these
problems. The resin 1s not anhydrous since 1t 1s prepared in
water and 1s shipped damp; one can control the amount of
water that 1s present based on the volumes of organic solvent
that are used to wash the resin. Accordingly, 1t 1s possible to
produce a free-flowing resin that contains only enough water
to allow the deprotection reaction to proceed, and not so much
water that the resulting reaction solutions can not be easily
dried with a small amount of molecular sieves. Further,
residual water does not contaminate the equipment since bulk
water 1s never added to the reactions. The problem of aggre-
gation 15 solved because the N-methyliminodiacetic acid bis
potassium salt produced 1n the deprotection reaction becomes
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trapped within the pores of the resin and does not aggregate
with unreacted KOH or water. Often the boronate salt pro-
duced 1n the deprotection reaction also becomes trapped
within the pores of the resin. Boronate salts trapped 1n the
resin do not aggregate and do not stall the reaction. Further,
this protocol 1s the only deprotection condition for PIDA
boronates that does not require stirring. The reaction with
Amberlyst A26(OH) proceeds to full conversion within 60
minutes with periodic air bubbling to mix the mixture, thus
allowing a large number of deprotection reactions to be per-
formed 1n parallel with simple equipment. The mixture (resin
and THF) 1s then treated with dilute acetic acid to convert the
boronate salt to the boronic acid. The very fine, very polar
N-pinene iminodiacetic acid produced 1n this process remains
trapped 1n the Amberlyst resin which greatly facilitates filtra-
tion of the mixture. (Without the Amberlyst resin sequester-
ing the N-pinene iminodiacetic acid, the subsequent filtration
step was found to be unreliable.)

Step 2.

This boronic acid solution 1s then transferred to the cross-
coupling module where 1t 1s added slowly to a stirred reaction
mixture containing the next halogen-bearing building block,
a palladium catalyst, and a solid inorganic base. Conversion
of each halide building block 1s maximized via: (a) using
excess boronic acid (~3 equiv.) relative to halide (1 equiv.);
(b) employing slow-addition or slow-release of the boronic
acid to help avoid 1ts decomposition 1n situ during the cross-
coupling reaction; and (c¢) using Buchwald’s highly effective
and air-stable SPhosPd catalyst to maximize the generality,

eificiency, and mild nature of the cross-coupling condition

(D. M. Knapp, E. P. Gillis J Am. Chem. Soc. 2009, 131,
6961-6963; and R. Martin S. L. Buchwald Acc. Chem. Res.
2008, 41, 1461-1473).

Step 3.

The soluble components of the resulting crude reaction
mixture are transierred to the purification module where the
chiral, non-racemic PIDA boronate product 1s purified via
tandem precipitation and catch-and-release processes, as
described above.

In the automated system the THEF:hexane solution, Et,O
with 1.5% MeOH (v/v) solution and Et,O solution are with-
drawn from the top of the S10, column and through the
bottom under vacuum. This approach 1s different from stan-
dard chromatography in which the solution 1s pushed through
the top of the column under pressure. Again, the unique
clution properties of the chiral, non-racemic PIDA boronate
hold up under this modification, and this modification greatly
simplifies the engineering of the purification step. In the
automated system the THF 1s injected into the bottom of the
column and flows out through the top under positive pressure.
In this way the PIDA boronate, which 1s immobilized near the
top of the column, has the least distance to be carried 1n the
THF (has the smallest column volume) and thus the amount
of THF used to elute the chiral, non-racemic PIDA boronate
can be mimimized. It 1s believed that flowing solvents 1n
opposite directions at separate times on the same column 1s
not a standard chromatography practice.

This three-step cycle of deprotection, cross-coupling, and
purification 1s 1terated until the final building block coupling
step 15 reached. To maximize elliciency, the final coupling
reaction in each sequence 1s performed via 1n situ hydrolysis
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of the final chiral, non-racemic PIDA boronate under aqueous
basic conditions. “Slow-release” cross-coupling 1n this con-
text can help maximize the yield of this final coupling reac-
tion. Similar to the approach used 1n peptide, oligonucleotide,
and oligosaccharide coupling, if the individual building

blocks contain other types of protective groups, these are
collectively removed using manually executed deprotection
reactions prior to an automated chromatographic purification
of the final product.

The development of a fully automated ICC platform for
small molecule synthesis represents an important step
towards increasing the efficiency and flexibility with which
small molecules can be prepared in the laboratory. While
certain types of small molecules (for example, those possess-
ing many Csp*-Csp~ linkages) are at present more amenable
to this approach than others, the rapidly expanding scope of
the Suzuki-Miyaura reaction, which increasingly includes
Csp> coupling partners (M. R. Netherton, G. C. Fu, Adv
Synth. Catal. 2004, 346, 1525-1532) suggest that the poten-
tial generality of this approach 1s substantial. This synthesis

apparatus stands to extend the power of small molecule syn-
thesis to the non-chemist and ultimately will help shift the
rate-limiting step in small molecule science from achieving,
syntheses to understanding function. Given that the func-
tional capacity for small molecules likely extends far beyond
that which 1s currently understood or utilized, the develop-
ments described herein stand to have widespread impacts in
both science and medicine.

EXEMPLIFICATION

The invention now being generally described, 1t will be
more readily understood by reference to the following, which
1s included merely for purposes of illustration of certain
aspects and embodiments of the present invention, and 1s not
intended to limit the mvention.

General Methods

Materials. Commercial reagents were purchased from
Sigma-Aldrich, Fisher Scientific, Alfa Aesar, TCI America,

or Frontier Scientific, and were used without further purifi-
cation unless otherwise noted. Solvents were purified via
passage through packed columns as described by Pangborn
and coworkers (THF, Et,O, CH,CN, CH,Cl,: dry neutral
alumina; hexane, benzene, and toluene, dry neutral alumina
and Q35 reactant; DMSO, DMF: activated molecular sieves).
Pangborn et al. (1996) Organometallics 15:1518-20. All

water was deionized prior to use. Triethylamine, diisopropy-
lamine, diethylamine, pynidine, 2,6-lutidine, and ethanol
were freshly distilled under an atmosphere of nitrogen from
Cakl,.

General Experimental Procedures. Unless noted, all reac-
tions were performed 1n flame-dried round-bottom or modi-
fied Schlenk flasks fitted with rubber septa under a positive
pressure of argon. Organic solutions were concentrated via
rotary evaporation under reduced pressure with a bath tem-
perature of 23° C. unless otherwise noted. Reactions were
monitored by analytical thin layer chromatography (TLC)
performed using the indicated solvent on E. Merck silica gel
60 F254 plates (0.25 mm). Compounds were visualized by

exposure to a UV lamp (A=234 nm), and/or a solution of
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KMnQO,, followed by brief heating using a Varitemp heat gun.

Column chromatography was performed using Merck silica
gel grade 9385 60 A (230-400 mesh).

Structural analysis. 'H NMR and '°C NMR spectra were
recorded at 20° C. on a Varian Unity 500 instrument. Chemi-
cal shifts (0) are reported in parts per million (ppm) downfield
from tetramethylsilane and referenced to residual protium 1n
the NMR solvent (CHCl,, 0=7.26; acetone, 0=2.035, center
line; 1,1,2,2-tetrachloroethane, 5.95) or to added tetrameth-
ylsilane (6=0.00). Data are reported as follows: chemical
shift, multiplicity (s=singlet, d=doublet, t=triplet, g=quartet,
quint=quintet,  sept=septet,  m=multiplet,  b=broad.,
app=apparent), coupling constant (J) 1n Hertz (Hz), and 1nte-
gration. Chemical shifts (8) for '?C NMR are reported in ppm
downfield from tetramethylsilane and referenced to carbon
resonances 1 the NMR solvent (CDCl,, 6=77.0, center line;
acetone, 0=39.5, center line). Carbons bearing boron sub-
stituents were not observed (quadrupolar relaxation). ''B
NMR were recorded using a Unmity Inova 400 instrument and
referenced to an external standard of (BF;.Et,O).

Example 1

Pinene-Derived Iminodiacetic Acid (PIDA) 1s a

Powertul Ligand for Stereoselective Synthesis of
Csp” Boronate Building Blocks

The remarkable stability of the MIDA boronate motif to a
wide range ol common reaction conditions enables the trans-
formation of simple boron-containing starting materials nto
many types ol complex boronate building blocks. Crystal
structures of many MIDA boronates have revealed that the
N-methyl substituent 1s always closely positioned to the
organic group appended to the boron atom, and variable tem-
perature NMR studies have demonstrated that the iminodi-
acetic acid framework 1s conformationally rigid 1n solution.

We hypothesized that if the N-alkyl substituent of 1mino-
diacetic acid were chiral, then highly effective transfer of
stereochemical information might be achieved during func-
tionalizations of the corresponding boronates due to enforced
proximity (FIG. 1). Given the exceptional versatility of

epoxides 1n the preparation of other chiral building blocks, we
first questioned whether the epoxidation of alkenyl boronates
could be rendered asymmetric via such modifications of the

MIDA ligand.

A range of iminodiacetic acid ligands derived from differ-
ent chiral amines were surveyed, leading to the discovery that

ligand 1a (PIDA; see Table 1), which can be easily prepared
from (+)-pinene (Brown et al. (1983) I Am Chem Soc 103:

2092-3; Rathke et al. (1988) Coll Vol 6:943), 1s exceptionally
clfective. Specifically, treatment of the corresponding styre-
nyl chiral, non-racemic PIDA boronate 2a with meta-chlo-
roperbenzoic acid (mCPBA) under standard conditions
yielded oxiranyl chiral, non-racemic PIDA boronate 3a with
outstanding diastercoselectivity (Table 1, entry 1). Alterna-
tively linking the pinene-derived appendage via a conforma-
tionally-flexible methylene spacer (1b) or employing some
other less-sterically bulky chiral secondary amines (1¢ or 1d)
also yielded some, albeit reduced, diastereoselectivity (Table
1, entries 2-4).
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TABLE 1
Diastereoselective epoxidations of various iminodiacetic acid-based alkenyl boronates.
*R *R
AN AN
N N
/ mCPBA /
-
/ CH,Cl, s
/\/B\_O O L ec12n NwB\_O O
P N 0 0 7 0 0
Ph
O
2
3
entry 1 3 d.r.?
1 >20:1
Y Me
0
HO,C CO,H
la (PIDA)
2 @_\ 2.1:1
N_&\
B< o O
HO,C CO,H Ph/v/ O O
O
1b 3h
3 /\ Me 2.7:1
N N Me N
ﬁ /
HO,C CO,H Ph/v/ O O
O
lc



US 9,012,658 B2

105
TABLE 1-continued
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Diastereoselective epoxidations of various iminodiacetic acid-based alkenyl boronates.

*R *R
AN AN
N N
/ mCPBA /
T
/ CH,Cl; /
/\/B\_O 0—23°C.,12h ﬂ,,..ﬂB\_O 0
P N 0 0 7 0 0
Ph
O
2
3
entry 1 3 d.r.®
4 Q ii »OBn 1.6:1
> OBn A
= J;’N
er /
/
HO,C CO,H B<O 0O
1d I}}1'##,f"ﬁ;;:':;;?r###*”' X .
O

3d

?d.r. = diastereomeric ratio as determined via 500 MHz 'H NMR analysis of unpurified reaction mixture.

Single crystal X-ray analysis of 3a (Table 1, entry 1)
revealed that, despite N-alkylation with a very sterically
bulky substituent, the [3.3.0]-bicyclic structure of the 1mino-
diacetic acid motif 1s preserved and the chiral alkyl group 1s
positioned <2.4 A from the newly formed epoxide. Moreover,
variable-temperature NMR analysis confirmed that the 1mi-
nodiacetic acid framework of the PIDA ligand 1s conforma-
tionally rigid for both the starting material 2a and product 3a.
Collectively, these findings are consistent with the conclusion
that highly effective transier of stereochemaical information in
this system 1s attributable to enforced proximity between the
chiral appendage and the site of reactivity during the transi-
tion state of the epoxidation reaction.

30

35

The capacity of PIDA to enable the diastercoselective
epoxidation of a variety of alkenyl boronates was explored.
As shown 1n Table 2, the epoxidation of a series of 1,2-
disubstituted olefins 2a-g were all efficiently epoxidized 1n
good yields and with outstanding stereocontrol (entries 1-4).
2a can also be epoxidized on a 15 mmol scale and 1solated via
simple crystallization (entry 1). Strikingly, even the smallest
olefin, vinyl boronate 2h, was epoxidized with outstanding
diastereoselectivity (entry 5). All of these stereochemically
pure oxiranyl PIDA boronates 3 are crystalline free-tflowing
solids that are completely stable to silica gel chromatography
and bench-top storage under air, making them highly desir-
able building blocks for many applications 1n complex mol-
ecule synthesis.

TABLE 2

Highly diastereoselective epoxidations with PIDA boronates.

Me
Ipc <
f;’ff'
. N IpcN
mCPBA /
=
P 0 CH,Cl, P O
/\/B\_O 0—23°C. 12 h N.,wB\_O
R L
O O R/Y / O O
O
2
3
entry 2 3 % yield®™? d.r.c
14 IpcN —K IpcN 53 (65)¢  >20:1
\ B —& O / _/K
JB—O0 O
Ph o 0 oo \}\
Da Ph* ; ; O O

O
3a
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H 2-continued

Highly diastereoselective epoxidations with PIDA boronates.

Me
Ipc <
f’f.r,
‘N
VAN
”
B—O O
N /\/ \X
O O
2
entry 2

TBSO
2g
5 IpcN —K
B— O~ O
X \X
O 0
2h

“Isolated vields after silica gel chromatography.

*The stereochemustry of epoxides 3a, 3¢, and 3h were all determined unambiguously via single crystal X-ray analysis. Remaining

product configurations were assigned by analogy.

Ip cN—X\ 82
'
- O
“1‘\“ B\&
O

IpcN
mCPBA /
-
CH,Cl, P
0—23°C. 12 h BT—O

O
3
3 % yield®?
Ich—K 64
7
B—X O
A\
‘ \o 0
3e
Ich—x\ 77
'
B— O
O O
3f
Ich—K 75
”~
\B—0O O
O O
3g

3h

°d.r. = diastereomeric ratio as determined via 500 MHz 'H NMR analysis of unpurified reaction mixtures.

Conducted on a 15 mmol scale and isolated by crystallization.

Ipc = 1sopinocamphenyl.

d.r.c

>20:1

>20:1

>20:1

>20:1

108



US 9,012,658 B2

109

Example 2

General Procedure for the Synthesis of Ligands 1a-d

O

(21\)L I"‘
OH !

~ -
R H,O/TPA 4:1

HO,C CO,H

la-d

70° C.

To a stirred solution of chloroacetic acid (69 mmol, 2.3
equiv) mn H,O (60 mL) at 0° C. was added dropwise 5 N

NaOH solution (13.8 mL, 69 mmol, 2.3 equiv), keeping the
temperature below 15° C. The amine (30 mmol, 1 equiv) in
IPA (30 mL) was then added in one portion. The ice bath was
then removed and the reaction heated at 70° C. (o1l bath
temperature). After stirring for 2.5 h, the reaction turned clear
from an 1n1tial biphasic mixture. Another 8.1 mL (40.5 mmol,

1.35 equiv) of the 5 N NaOH solution was added, and the
reaction stirred for a further 14 h atthe same temperature. The
third portion of the NaOH solution (8.1 mL, 40.5 mmol, 1.35
equiv) was then added and stirred for an additional 2 h at 70°
C. The reaction was then heated up to 100° C. BaCl,.H,O
(7.69 g, 31.5 mmol, 1.05 equiv) in H,O (30 mL) was heated
until the solid dissolved completely. This heated solution was
then added dropwise via pipette into the reaction mixture.
After the addition, the reaction was stirred for an additional
15 min, during which the reaction became a thick white
suspension. After cooling to room temperature, the white
solid was collected by filtration and dried 1n a vacuum oven
set at 100° C. The mass of the Ba chelate was determined. The
Ba chelate was then suspended in H,O (60 mL) and heated 1n
a110° C. o1l bath until boiling. SM H,SO, (1.95 equiv relative
to the Ba chelate) was added dropwise, followed by rinsing,
with 5 mLL H,O. The resulting suspension was stirred for
another 15 min 1n the o1l bath, then cooled for 5 min and
filtered through Celite, rinsing with 10 mL. H,O. The filtrate
was concentrated to dryness. The solid obtained was then
redissolved 1n Et,O/CH,CI, (1:10, 100 mL) and filtered to
remove insoluble solids. The CH,CI, solution was then con-
centrated 1n vacuo and the solid obtained was used without

turther purification.

la

HOOC

Ligand la.
The general procedure was followed using (1R,2R,3R,5S5)-

(—)-Isopinocampheylamine (4.59 g, 30 mmol), chloroacetic
acid (6.52 g, 69 mmol) and NaOH (30 mL, 150 mmol). 11.33

g 01 the Ba chelate (93%) was obtained. 5.4 mL of 5SM H,SO,
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was used for the hydrolysis, and the ligand 1a was obtained as
an off-white solid (6.63 g, 82%). 'H NMR (500 MHz,

DMSO-dy) 0 3.45 (s, 4H), 3.23-3.18 (m, 1H), 2.32-2.23 (1m,
1H), 2.19-2.12 (m, 1H), 1.91-1.86 (m, 1H), 1.75-1.69 (m,
2H), 1.64-1.60 (m, 1H), 1.15 (s, 3H), 1.03 (d, J=6.5,3H), 0.92
(s,3H),0.79 (d, J=10 Hz, 1H); "*C NMR (125 MHz, DMSO-
de) 0173.5,62.0,53.8,47.3,40.9,40.3,38.7,33.4,29.6,27.9,
23.0, 20.9; HRMS (ESI+) Calculated for C,,H,,NO,:
2770.1705. Found: 270.1703.

1b

N

8

HO,C CO,H

Ligand 1b.

The general procedure was followed using (-)-cis-myrta-
nylamine (4.59 g, 30 mmol), chloroacetic acid (6.52 g, 69

mmol) and NaOH (30 mL, 150 mmol). 11.33 g of the Ba
chelate (93%) was obtained. 5.4 mL of 5M H,SO,, was used
for the hydrolysis and the ligand 1b was obtained as

off-white solid 1 about 70-80% punity (1.62 g, 20%). lH
NMR (500 MHz, DMSO-d,)03.38(s,4H),2.56 (d, JI=7.5 Hz,
2H), 2.51-2.42 (m, 1H), 2.30-2.26 (m, 1H), 22.1-2.06 (m,
1H), 1.94-1.72 (m, 5H, 1.53-1.45 (m, 1H), 1.12 (s, 3H), 0.91
(s, 3H); "C NMR (125 MHz, DMSO-d,) 8 172.5, 59.6, 55 4,
43.4, 40.9, 38.6, 38.2, 32.9, 27.8, 25.8, 22.9, 19.5; HRMS
(ESI+) Calculated for C,,H,,NO,: 270.1705. Found:

2'70.1700.
lc
Me
I%
8
HO,C CO,H
Ligand Ic.

-

T'he general procedure was followed using (S)-(+)-1-cy-
clohexylethylamine (12.72 g, 100 mmol), chloroacetic acid
(21.74 g, 230 mmol) and NaOH (100 mL, 500 mmol). 27.84
g of the Ba chelate (74%) was obtained. 14.4 mL of 5M
H,SO, was used for the hydrolysis, and the ligand 1c was
obtamed as an off-white solid (12.47 g, 51%). "H NMR (500
MHz, DMSO-dy) 6 3.37 (d, J=17.5 Hz, 2H), 3.29 (d, J=17.5
Hz, 2H) 2.39 (m, 1H), 1.91 (app d, J=7.5 Hz, 1H), 1.65-1.51
(m,4H),1.24-1.03 (m, 5H), 0.92 (d, J=6.5 Hz, 3H), 0.89-0.78
(m, 1H); "CNMR (125 MHz, DMSO-d,) 8 173.4, 62.6,53.2,
40.8, 30.0, 29.4, 26.1, 25.8, 25.8, 12.6; HRMS (ESI+) Cal-
culated for C,,H,,NO,: 244.1550. Found: 244.1549.
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1d

:_ 'OBn

N

8

HO,C CO,H

Ligand 1d.

The general procedure was followed using (15,2S5)-(+)-2-
benzyloxycyclopentylamine (5 g, 26.1 mmol), chloroacetic
acid (5.68 g, 60.1 mmol) and NaOH (26.1 mL, 130.5 mmol).
5.87 g of the Ba chelate (67%) was obtained. 3.40 mL of SM
H,SO, was used for the hydrolysis, and the ligand 1d was
obtained as an off-white solid (3.36 g, 42%). 'H NMR (500
MHz, DMSO-dg) 0 12.2 (br s, 2H), 7.32-7.24 (m, 5H), 4.42
(d,J=12Hz,1H),4.36 (d,J=11.5 Hz, 1H), 3.76-3.74 (m, 1H),
3.48 (d,J=17.5Hz,2H), 3.43 (d, =18 Hz, 2H), 3.24-3.20 (m,
1H), 1.88-1.82 (m, 1H), 1.82-1.76 (m, 1H), 1.59-1.48 (m,
3H), 1.38-1.30 (m, 1H); "*C NMR (125 MHz, DMSO-d,) &
173.0,138.6,128.1,127.6,127.3,83.0,70.4,68.1, 53.6,29.8,
28.4, 20.9; HRMS (ESI+) Calculated for C,H,,NO.:
308.1498. Found: 308.1493.

Example 3

General Procedure for the Complexation of Chiral
Ligands 1a-d to Trans-2-Phenylvinylboronic Acid

B(OH)»
\ /\/
‘ +
/
R*
N PhMe/DMSO 20:1
-
r W Dean-Stark
HO,C CO,H
la-d
*R

/ N\
e S B<Z>\Z

To a solution of trans-2-phenylvinylboronic acid (1.5
equiv) in toluene (30 mL ) and DMSO (1.5 mL) was added the
ligand 1 (typically 1-5 mmol, 1 equiv). The flask was fitted
with a Dean-Stark trap. The Dean-Stark trap was fitted with
an air-cooled condenser vented to ambient atmosphere. The
stirred solution was refluxed with azeotropic removal of
water for 2 h. The toluene was removed 1n vacuo, and the
residue was taken up i 2:1 EtOAc/acetone (60 mL) and
washed twice with 1:1 brine/H,O (30 mL). The aqueous layer
was extracted with 2:1 EtOAc/acetone (30 mL) and the com-
bined organic phase washed with brine, dried over MgSO,,,
filtered and concentrated 1n vacuo. The crude product was
then purified by silica gel chromatography, eluting first with
Et,O to remove impurities, then with 1:4 (acetone/Et,O).
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2a

Ph/\/B_O/\

Boronate Ester 2a.

Thereaction was carried out on a 20 mmol scale with some
modifications from the general procedure and purified with-
out the use of silica gel chromatography: To a suspension of
trans-2-phenylvinylboronic acid (2.96 g, 20 mmol) in toluene
(200 mL) was added the ligand 1a (9.68 g, 36 mmol). The
flask was fitted with a 50 mL Dean-Stark trap and an air-
cooled condenser vented to ambient atmosphere. The stirred
solution was retfluxed with azeotropic removal of water for 2
h. After cooling to room temperature, the crude solid product
was collected via vacuum f{iltration. The filtrate was then
concentrated to dryness and Et,O (50 mL) was added. The
resulting white precipitate was collected via vacuum filtration
and the combined solids were then washed with additional
Et,O (50 mL). This solid was then taken up 1n acetone (150
ml.) and passed slowly through a pad of silica gel ina 100 mL
sintered funnel, eluting with additional acetone (50 mL). The
filtrate thus obtained was concentrated and dried 1n vacuo,
giving the product (6.74 g, 88%).

Results: TLC (Hexanes:acetone 3:2) R =0.27, visualized
by short wave UV; "H NMR (500 MHz, acetone ds) 0 7.54-
7.53 (m, 2H),7.37-7.33 (m, 2H), 7.29-7.25 (m, 1H), 7.03, (d,
J=18 Hz, 1H), 6.52 (d, I=18 Hz, 1H), 4.35 (d, J=16 Hz, lH),
4.29 (d, J=17.5 Hz, 1H), 4.18 (d, J=15.5 Hz, 1H), 4.05 (d,
J=18 Hz, 1H), 4.05-4.00 (m, 1H), 2.65-2.58 (m, 1H), 2.52-
2.48 (m, 1H), 2.46-2.41 (m, 1H), 2.01-1.99 (m, 1H), 1.91 (dXt,
=6, 2.5 Hz, 1H), 1.71 (ddd, J=15, 6.5, 2.5 Hz, 1H), 1.35 (d,
J=6.5 Hz, 3H), 1.23 (s, 3H), 1.08 (d, J=10.5 hz, 1H), 0.92 (s,
3H); "C NMR (125 MHz, acetone-d,) 8 170.8, 167.9, 143.5,
139.3,129.4, 128.8, 127.4, 68.6, 61.1, 55.3, 50.2, 41.6, 39.6,
39.2, 32.4, 31.1, 27.4, 23.6, 23.5; ''B-NMR (100 MHz,
acetone-d,) o 11.9; HRMS (ESI+) Calculated for
C,,H,oBNO,: 382.2190. Found: 382.2187.

2b

B—O
Ph/\/ ~0 0O

Boronate Ester 2b.
The general procedure was followed using trans-2-phe-

nylvinylboronic acid (0.22 g, 1.5 mmol), ligand 1b (0.606 g,
2.25 mmol) 1n 20 mL toluene and 1 mL DMSO. A white solid

was obtained (0.387 g, 68%). TLC (Hexanes:EtOAc:Et,O
2:2:1) R7~0.20, visualized by short wave UV "H NMR (500
MHz, acetone d.) 0 7.50 (app d, J=7 Hz, 2H), 7.34 (app t,
I=7.5 Hz, 2H), 7.28-7.25 (m, 1H), 6.93, (d, J=18 Hz, 1H),
6.33 (d, =18 Hz, 1H), 4.17-4.08 (mm, 4H) 3.45 (dd, J=13.5,
6.5 Hz, 1H), 3.34 (dd, J=13.5, 3 Hz, 1H), 2.74-2.68 (m, IH),,
2.38-2.26 (m, 2H), 2.16-2.11 (m, 1H), 2.01-1.94 (m, 1H),
1.92-1.76 (m, 3H), 1.15 (s, 3H), 1.08 (d, J=10 Hz, 1H), 0.92
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(s, 3H); "°C NMR (125 MHz, CDCl1,) 8 167.8, 167.4, 144 .2,
137.6,128.6, 128.4, 126.7, 66.8, 58.5, 58.4,47.3,40.4,38.1,
374, 319, 27.3, 25.6, 23.3 (20); ”B-NM{ (100 MHz,
acetone-ds) o 11.9; HRMS (ESI+) Calculated {for
C,,H,,BNO,: 382.2190. Found: 382.2187.

2¢

Me
B—O O
Ph
Boronate Ester 2c.

The general procedure was followed using trans-2-phe-
nylvinylboronic acid (0.74 g, S mmol), ligand 1c (1.82 g, 7.5
mmol) 1n 50 mL toluene and 2.5 mL DMSO. A white solid
was obtained (0.311 g, 74%). TLC (Hexanes:acetone 3:2)
R ~0.38; "HNMR (500 MHz, acetone-d,) & 7.52 (d, J=8 Hz,
2H), 7.35 (t, JI=7.5 Hz, 2H), 7.27 (t, I=7.5 Hz, 1H), 6.96, (d,
J=18 Hz, 1H), 6.46 (d, J=18 Hz, 1H), 4.27 (d, J=17 Hz, 1H),
4.19(d, J=17Hz, 1H), 4.05 (d, J=14.5 Hz, 1H), 4.02 (d, J=17
Hz, 1H), 3.42-3.38 (m, 1H), 2.05 (m, 1H), 1.86-1.83 (m, 1H),
1.78-1.74 (m, 1H), 1.69-1.62 (m, 2H), 1.50-1.44 (m, 1H),
1.36-1.27 (m, 6H), 1.18-1.08 (m, 2H); "°C NMR (125 Mz,
CDCl;)0168.5,167.7,144.3,128.6,128.4,126.7,67.6,56.8,
39.2,32.1,27.7,26.4,25.7,25.7,10.5; "' B-NMR (100 MHz,
acetone-d,) o 11.9; HRMS (ESI+) Calculated {for
C,,H,-BNO.: 356.2033. Found: 356.2029.

2d

Boronate Ester 2d.

The general procedure was followed using trans-2-phe-
nylvinylboronic acid (0.148 g, 1 mmol) ligand 1d (0.461 g,
1.5mmol)in 15 mL toluene and 0.5 mL DMSO. An off-white
solid was obtained (0.311 g, 74%). TLC (Hexanes:acetone

3:2) R~0.38; *H NMR (500 MHz, acetone-dy) 8 7.50 (d, J=8
Hz, 2H), 7.38-7.29 (m, 6H), 7.26-7.22 (m, 1H), 7.18-7.13,
(m, 1H), 6.96 (d, =18 Hz, 1H), 6.46 (d, J=18.5 Hz, 1H), 4.6
(d,J=11.5Hz, 1H),4.55 (d, J=11 Hz, 1H), 4.41-4.38 (m, 1H),
4.29 (d, 1=16.5 Hz, 1H), 4.19 (d, I=17.5 Hz, 1H), 4.14 (d,
1=16.5 Hz, 1H), 4.05 (d, J=17 Hz, 1H), 3.70 (q, J=9 Hz, 1H),
2.30-2.25 (m, 1H), 2.20-2.15 (m, 1H), 1.82-1.6 (m, 4H); >C
NMR (125 MHz, CDCI,) 8 168.8, 167.5, 144.3, 137.5, 136 .4,
128.8, 128.6, 128.5, 128.4, 1283, 126.8, 79.3, 73.4, 72.0,
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60.0, 55.4, 29.6, 26.2, 21.1; ''B-NMR (100 MHz, acetone-
ds) 0 11.8; HRMS (ESI+) Calculated for C,,H,,-BNOx:
420.1978. Found: 420.1982.

Example 4

Synthesis of Boronate Ester 2¢

N

IN NaOH .
y /\/B\—O THF, 1t
© O O
S-2
Me
VNW
\ B(OH), HOOC COOH -
Me/\/ PhMe/DMSO
S-3
IPCN_K

2e

To asolutionof S-2 (197 mg, 1 mmol) in THF (10 mL) was
added 1N NaOH (3 mL, 3 mmol) under ambient atmosphere
and temperature and stirred vigorously for 15 min. The reac-
tion was quenched with the addition of sat. NH_,Cl1 solution
(10 mL). The mixture was stirred for 3 min, then transferred
to a separatory funnel, rinsing with Et,O (10 mL). After phase
separation, the organic phase was washed with another por-
tion of sat. NH_,Cl1 solution (10 mL) and the combined aque-
ous phase extracted with 1:1 THF/Et,O (15 mL). The organic
phase was dried over MgSQO,, filtered and concentrated in
vacuo to give the boronic acid as a white solid. The solid was
taken up 1n toluene (15 mL) and DMSO (0.75 mL) and la
(404 mg, 1.5 mmol) was added. The reaction was heated to
reflux with a Dean-Stark trap for 1.5 h. After cooling to room
temperature, toluene was removed 1n vacuo. The residue was
taken up 1 2:1 EtOAc/acetone (15 mL) and washed twice
with 1:1 H,O/brine (10 mL). The aqueous layers were
extracted with 2:1 EtOAc/acetone (15 mL). The combined
organic phase was dried over MgSQO,, filtered and concen-
trated. The crude product was purified by silica gel chroma-
tography, eluting first with Et,O then with 1:4 acetone/Et,O
to give a white solid as the pure product (166 mg, 52% over 2
steps ).

Results. TLC (Hexanes:acetone 3:2) R ~0.41, stained by
KMnQ,; "H NMR (500 MHz, acetone- d6) 0 6. 13 (dg, J=8.5
Hz, 1H), 5.66(dd,J=17.5,1.5Hz,1H),4.19 (d, J=18 Hz, 1H),
4.18 (d, J=16 Hz, 1H), 4.09 (d, J=15.5 Hz, 1H), 3.94 (d, J=18
Hz, 1H), 3.87 (dt, J=10, 3 Hz, 1H), 2.57-2.51 (im, 1H), 2.49-
2.42 (m, 2H), 2.00 (sept, J=3 Hz, 1H), 1.91 (dt, J=6, 2 Hz,
1H), 1.79 (dd, J=6.5, 1.5 Hz, 3H), 1.61 (ddd, J=15, 6.5, 1.5
Hz, 1H), 1.33 (d, J=7 Hz, 3H), 1.25 (s, 3H), 1.04 (d, J=10.5
Hz, 1H), 0.98 (s, 3H); '°C NMR (125 MHz, acetone-d,) &
170.2, 167.2, 140.8, 67.9, 60.3, 54.5, 49.6, 41.0, 39.0, 38.5,
31.8, 30.3, 26.9, 23.0, 22.9, 20.8; ''B-NMR (100 MHz,
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acetone-d,) o 11.5; HRMS (ESI+) Calculated {for
C,-H,-BNO,: 320.2033, Found: 320.2035.

Example 5

Synthesis of Boronate Ester 2¢g
O
N \
| ‘ /B—H
LA~

: Me
fIﬁT
AN HOOC .
TBSO B(OH), PhMe/DMSO
S-4
Nipc 1
TBSO\/\/
O
2g

In an unoptimized procedure, TBS-protected propargyl
alcohol (5.17 g, 30.4 mmol) was weighed 1nto a dry 20 mL
Ichem vial and the vial was sealed with a septum cap. The vial

was flushed with N, for 20 min, then catecholborane (3.4 mL,

31.9 mmol) was added neat 1n one portion. The reaction was
stirred at 60° C. 1n a heating block for 15 h. After cooling to

room temperature, 4.36 g (approx. 15 mmol) of this crude
product was diluted in THF (150 mL) and 1 N NaOH (45 mL,
45 mmol) was added. After vigorous stirring for 10 min, the
mixture was transierred to a reparatory funnel and the phases
separated. The organic layer was washed with 1 N NaOH (60
mL), then H,O (60 mL) and 1:1 H,O/brine (60 mL). The
organic phase was then dried over MgSQO,, filtered and con-
centrated to give a yellow o1l as the boronic acid (1.48 g, 6.85
mmol). The boronic acid was then dissolved in toluene (60
mlL) and DMSO (3 mL). Ligand 1a was then added, and the
mixture was heated to retlux with a Dean-Stark trap for 2 h.
The reaction was then cooled to room temperature. Toluene
was then removed 1n vacuo. Et,O was added to the residue
and the precipitate, which 1s the crude product, was obtained
by vacuum filtration. Purification by silica gel chromatogra-
phy (30-100% EtOAc/hexane) gave a white solid (405 mg,
~30% from boronic acid).

Results. TLC (Hexanes:acetone 3:2) R ~0.51 visualized by
KMnQO,; '"H NMR (500 MHz, CDCI,) 6 6.22 (dt, I=17.5, 4
Hz, 1H), 5.94 (dt, J=17.5, 2 Hz, 1H), 4.26-4.25 (m, 2H), 4.23
(d, J=18 Hz, 1H), 4.18 (d, J=15.5 Hz, 1H), 4.12 (d, J=15 Hz,
1H), 3.98 (d, J=18 Hz, 1H), 3.86 (dt, J=10.5, 6 Hz, 1H),
2.59-2.53 (m, 1H), 2.49-2.41 (m, 2H), 1.99 (sept, J=3 Hz,
1H), 1.92 (dt, J=6, 2 Hz, 1H), 1.66 (ddd, J=15, 6.5, Hz, 1H),
1.34 (d, J=7 Hz, 3H), 1.25 (s, 3H), 1.07 (d, J=10.5 Hz, 1H),
0.99 (s, 3H), 0.9 (s, 9H), 0.1 (s, 6H); '°C NMR (125 MHz,
CDCl,) 6 169.7, 167.0, 146.2, 68.4, 64.3, 60.3, 54.2, 49.0,
40.6,38.9,38.8,32.0, 30.8, 30.2, 27.0, 25.9, 23.5 (2C), 15.2,
~5.4; ""B-NMR (100 MHz, acetone-d.) & 11.8; HRMS
(ESI+) Calculated for C,,H,,BNO.S1: 450.284°7. Found:

450.2845.
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Example 6

Synthesis of Boronate Ester 21

TFA/DCM/H,0
1:10:0.2,0° C.

Ich—K
SN
N\

-

The boronate ester 2g (1.52 g, 3.38 mmol) was dissolved in
CH,CI, (68 mL) and cooled to 0° C. H,O (0.34 mL) followed
by TFA (6.80 mL ) was then added. The reaction was stirred at
0° C. for 30 min. The reaction was washed briefly with H,O
(30 mL), then twice with sat. aqueous NaHCO, (30 mL). The
combined aqueous layer was washed with CH,Cl, (30 mL).
The organic phase was then dried over MgSO4, ﬁltered and

concentrated. Following purification by silica gel chromatog-
raphy (40—80% EtOAc/hexane), a white solid was obtained

(737 mg, 65%).

Results. TLC (Hexanes:acetone 3:2) R ~0.20, visualized
by KMnQ,; 'HNMR (500 MHz, acetone- d <) 06.26 (dt, J=18,
4 Hz, 1H),5.89 (appd,J=17.5Hz,1H),4.12(d, J=15Hz, 1H),
4.12 (m, 2H), 3.89 (dt, J=10, 6.5 Hz, 1H), 2.56 (m, 1H),
2.48-2.2 (m, 2H), 1.99 (sept, J=3 Hz, 1H), 1.91 (dt, J=6, 2.5
Hz, 1H), 1.63 (ddd, J=15,6.5,5Hz, 1H), 1.35(d, J=7/ Hz, 3H),
1.25(s,3H), 1.06 (d, J=10.5 Hz, 1H), 0.97 (s, 3H); 13CNM{
(125 MHz, acetone-d,) 0 170.8, 167.9, 146.5, 68.5, 64.3,
60.9, 55.2,50.2,41.6,39.6,39.1,32.3,30.9, 27.5, 236 23.6;
“B-NMR (100 MHz, acetone-dﬁ) 6 11.8; HRMS (ESI+)
Calculated for C,,H,,BNO.: 336.1982. Found: 336.1979.

Example 7

Synthesis of Boronate Ester 2h

IN NaOH,
\/B\_O HHE
O O
S-6
IpcN
\/B(OH)2 HOOC COOH / \
PhMe/DMSO B—O O
o \/ \
O O
2h

To a solution of S-6 (183 mg, 1 mmol) (Sigma-Aldrich
productno. 704415) in THF (10 mL) was added 1 N NaOH (3

ml., 3 mmol) under ambient atmosphere and temperature and
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stirred vigorously for 15 min. The reaction was quenched
with the addition of sat. NH,Cl solution (10 mL). The mixture
was stirred for 3 min, then transferred to a reparatory funnel,
rinsing with Et,O (10 mL). After phase separation, the
organic phase was washed with another portion of sat. NH,Cl
solution (10 mL) and the combined aqueous phase extracted
with 1:1 THF/Et,O (15 mL). The organic phase was dried
over MgSQO,, filtered and concentrated in vacuo to give the
boronic acid as a white solid. The solid was taken up in
toluene (15 mL) and DMSO (0.75 mL) and 1a (404 mg, 1.5
mmol) was added. The reaction was heated to retlux with a
Dean-Stark trap for 1.5 h. After cooling to room temperature,
toluene was removed 1n vacuo. The residue was taken up in
2:1 EtOAc/acetone (15 mL) and washed twice with 1:1 H,O/
brine (10 mL). The aqueous layers were extracted with 2:1
EtOAc/acetone (15 mL). The combined organic phase was
dried over MgSO,, filtered and concentrated. The crude prod-
uct was purified by silica gel chromatography, eluting first
with Et,O then with 1:4 acetone/Et,O to give a white solid as
the pure product (153 mg, 55% over 2 steps).

Results. TLC (Hexanes:acetone 3:2) R ~0.39, visualized
by KMnO.; '"H NMR (500 MHz, acetone-d.) 8 6.15 (dd,
I=19, 13.5 Hz, 1H), 5.78 (app d, J=12.5 Hz, 1H), 5.73 (dd,
I=19,3.5Hz,1H),4.24 (d, J=18 Hz, 1H), 4.23 (d, J=15.5 Hz,
1H), 4.14 (d, J=15.5 Hz, 1H), 4.00 (d, J=18 Hz, 1H), 3.90 (dXt,
J=10,6.5Hz,1H),2.58-2.52 (m, 1H), 2.50-2.41 (m, 2H), 2.00
(sept, I=3.5 Hz, 1H), 1.92 (ddd, J=6, 6, 2 Hz, 1H), 1.63 (ddd,
I=15,6,2.5Hz, 1H), 1.35(d, J=7 Hz, 3H), 1.25 (s, 3H), 1.06
(d, J=10 Hz, 1H), 0.98 (s, 1H); '°C NMR (125 MHz, acetone-
ds) 0 170.2, 167.8, 130.1, 68.6, 61.0, 55.2, 50.2, 41.6, 39.6,
39.2,32.3,31.0,27.4, 23.6; ''B-NMR (100 MHz, acetone-
d.) o 11.3; HRMS (ESI+) Calculated for C, H,.-BNO,:

306.1877. Found: 306.1872.

Example 8

General Procedure for the Epoxidation of Boronate
Esters 2a-d (Table 1)

B—O O mCPBA

P X N\ -
O O CH,Cls,

Da-d 0° C.-23°C.
*R.
B\— 0” O
/W/ O 0
Ph
O
3a-d

To a solution of the boronate ester 2 (0.1 mmol) in CH,CI,
at 0° C. was added meta-chloroperbenzoic acid (mCPBA)
(max 77%, 43 mg, 0.19 mmol) portionwise over 3 min under
ambient atmosphere. The reaction was stirred for 12 h, gradu-
ally raising the temperature to 23° C. The reaction was then
concentrated in vacuo at 20° C., and 'H NMR analysis was
carried out. Conversions for all 4 substrates (2a-d) was >95%.
The peaks from the protons on the epoxide were used to
determine the d.r. See Table 1 (Example 1) for more details.
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Me
,,-?N_K
A 0"\ O mCPBA
Ph -
O O CH,Cl>,
2a 0°C.-23°C.
Me
I?N_K
‘\\\B\_ O# O
”~\ / O O
Ph
O
3a
Epoxide 3a.

The general procedure was followed using boronate ester
2a (38 mg, 0.1 mmol) and mCPBA (43 mg, 0.19 mmol).
d.r.>20:1.

3a

Results. TLC (Hexanes:acetone 3:2) R ~0.46, visualized
by KMnO,; "H NMR (500 MHz, CDCL,) 8 7.40-7.35 (m,
4H),7.33-7.30 (m, 1H), 4.40 (dt, J=10.5,3.5Hz, 1H), 4.36 (d,
J=18Hz, 1H),4.22 (d, J=15Hz, 1H),4.14 (d, J=17.5 Hz, 1H),
4.12(d,J=17.5Hz,1H),3.83 (d,J=2.5Hz, 1H), 2.92-2.86 (m,
1H), 2.62-2.57 (m, 1H), 2.57 (d, J=2.5 Hz, 1H), 2.53-2.4"7 (m,
1H), 2.11-2.08 (m, 1H), 2.00 (dt, J=5.5, 2 Hz, 1H), 1.85 (ddd.,
I=14.5,4,2.5 Hz, 1H), 1.45 (d, J=6.5 Hz, 3H), 1.31 (s, 3H),
1.14 (d, J=11 Hz, 1H), 1.10 (s, 3H); '°C NMR (125 Mz,
CDC] ,)0169.1,166.4,137.9,128.5,128.1,125.5,68.1,61.8,
56.7,54.77,49.0,40.6,.39.2,39.0,32.1,30.6,27.1, 23.5, 23.5;
"B-NMR (128 MHz, CDCL,) 8 10.5; HRMS (ESI+) Calcu-
lated for C,,H,,BNO.: 398.2139. Found: 398.2135.

mCPBA
-
/ 1 CH,Cl,,
’ 0° C. -23°C.
B—0O O
e Ve N, .
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-continued

Epoxide 3b.

The general procedure was followed using boronate ester
2b (38 mg, 0.1 mmol) and mCPBA (43 mg, 0.19 mmol).

d.r.=1.86:1.

3b

B\—O O
N O 0
Ph
O
Me
“ mCPBA
G N T~
/ CHLClo,
) 0° C.-23°C.
N B\—O O
Ph 5 0
2¢
Me
#ﬁN_K
B\— 0 O
/v/ O 0
Ph
O
3¢
Epoxide 3c.

The general procedure was followed using boronate ester
2¢ (36 mg, 0.1 mmol) and mCPBA (43 mg, 0.19 mmol).

dr.=2.7:1.

3¢
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B—O° O
S o 0O
2d
Epoxide 3d.

120

mCPBA
-
CH,Cl,
0° C.-23°C.
'#*N_X\
B—0O~ O
/W/ \O O
Ph

The general procedure was followed using boronate ester
2d (42 mg, 0.1 mmol) and mCPBA (43 mg, 0.19 mmol).

d.r.=1.56:1

3d

Example 9

General Procedure for the Epoxidation of Boronate

Ipc <

Esters 2a, 2e-h (Table 2)

mCPBA
T
CH,Cl»,
0—=23°C.,12h
Ich—K
WB—0 O
\""“ \
/ \ / O O
R O

To a solution of the boronate ester 2 (0.25 mmol) in CH,Cl,
at 0° C. was added mCPBA (max 77%, 106 mg, 0.475 mmol)

portionwise over 3 min under ambient atmosphere. The reac-
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tion was stirred for 12 h, gradually raising the temperature to
rt in the ice/water bath. The reaction was then concentrated in
vacuo at 20° C., and '"H NMR analysis of the crude reaction
mixture was performed to determine the d.r. The crude prod-
uct was then taken up 1n a minimum amount of CH,Cl, and
loaded onto a silica gel column equilibrated with 30% Et,O/
hexane. The non-polar impurities were eluted with 30%
Et,O/hexane. The product was then eluted with 2:2:6 (ac-
ctone/Et,O/hexane). After concentration at room tempera-
ture, the solid was washed with Et,O (10-20 mL) to remove
residual mCPBA and vacuum filtered. The epoxide was then
dried 1n vacuo.

3a

Me
r"‘?N _K

/ -~

SO
/W‘ O O
Ph
O
Epoxide 3a.

The general procedure was followed using boronate ester
2a (95 mg, 0.25 mmol) and mCPBA (106 mg, 0.475 mmol),
giving the product as a white solid (33 mg, 53%). d.r.>20:1.
X-ray quality crystals were obtained by making a saturated
solution of 3a 1n 1 mL of 1,2-dichloroethane and layering it
with about 2 mL of hexane. The layers were allowed to slowly
mix at room temperature, giving the desired crystals.

The epoxidation of 2a was also carried out on a 15 mmol
scale as follows: A solution of boronate ester 2a (3.72 g, 15
mmol) in CH,Cl, (300 mL) was cooled to 0° C. mCPBA (max
77%, 4.47 g, 20 mmol) was added portionwise under ambient
atmosphere over 10 min. The reaction was stirred for 8 h,
maintaining the bath temperature at 0-10° C. The reaction
was then concentrated to approximately 50 mL of CH,Cl,,
and Et,O was added (150 mL). The solution was stirred
vigorously for 5 min, and the white solid (crude product)
formed was obtained by vacuum filtration. The filtrate was
concentrated to approximately 20 mL of CH,Cl, and Et,O
(100 mL) and hexane (350 mL) was added. The white solid

tformed was collected by vacuum filtration. The filtrate, con-
taining mostly mCPBA, m-chlorobenzoic acid and other non-
polar impurities, was discarded. The combined white solid
was dissolved 1n a minimum amount of CH,Cl, 1n a 250 mL
Erlenmeyer flask and layered with hexane (CH,Cl,:hexane
1:2). The flask was then cooled to —20° C. 1n a freezer. This
recrystallized product was then collected by vacuum filtration
and washed with CH,Cl,/hexane 1:10. The white solid was
then dried 1n vacuo (3.87 g, 65%). Spectral data are 1dentical
to that obtained in the reaction 1n Table 1.

3e
IpcN —k\
/ ”~
_‘ﬂ\‘\ B\_ O O
/ \ / O O
Me

10

15

20

25

30

35

40

45

50

55

60

65

122
Epoxide 3e.

The general procedure was followed using boronate ester
2¢ (80 mg, 0.25 mmol) and mCPBA (106 mg, 0.475 mmol),
giving the product as a white solid (31 mg, 64%). d.r.>20:1.
X-ray quality crystals were obtained by making a saturated
solution of 3¢ in 1 mL of 1,2-dichloroethane and layering it
with about 2 mL of hexane. The layers were allowed to slowly
mix at room temperature, giving the desired crystals. TLC
(Hexanes:acetone 3:2) R~0.46, visualized by KMnO,; 'H
NMR (500 MHz, CD,CN) o0 4.29 (dt, J=10.5, 6.5 Hz, 1H),
4.20 (d, J=17 Hz, 1H), 3.98 (d, J=15 Hz, 1H), 3.65 (d, J=15
Hz, 1H), 3.42 (d, J=17 Hz, 1H), 3.07 (m, 1H), 2.72-2.66 (m,
1H), 2.51-2.45 (m, 1H), 2.17-2.14 (m, 1H), 2.12 (d, J=3 Hz,
1H), 2.05 (sept, J=3 Hz, 1H), 1.94 (dt, J=6, 2.5 Hz, 1H), 1.81
(ddd, J=15,6.2.5Hz, 1H), 1.37 (d, J=5Hz, 3H), 1.33 (d, J=7
Hz,3H),1.27 (s, 3H), 1.04 (s, 3H), 0.92 (d, J=10 Hz, 1H); '°C
NMR (125 MHz, CDCl;) 0 169.2, 166.3, 109.7, 67.9, 61.7,
54.6,53.2,49.0,40.6,39.2,38.9,32.1,30.5, 27.0, 23.6, 23.5;
“B-NMR (128 MHz, CDCL,) 8 10.7; HRMS (ESI+) Calcu-
lated for C,H,-BNO.: 336.1982. Found: 336.1977.

3t

Epoxide 31.

The general procedure was followed using boronate ester
21 (84 mg, 0.25 mmol) and mCPBA (106 mg, 0.475 mmol),
giving the product as a white solid (68 mg, 77%). d.r.>20:1.
TLC (Hexanes:acetone 3:2) R ~0.22, visualized by KMnO;
"H NMR (500 MHz, acetone-d,) 6 4.29 (d, J=18 Hz, 1H),
4.30-4.26 (m, 1H), 4.13 (d, J=15.5 Hz, 1H), 4.06 (d, J=18.5
Hz, 1H), 3.98 (d, J=15.5 Hz, 1H), 3.02 (dt, J=6, 3 Hz, 1H),
2.80-2.74 (m, 1H), 2.57-2.51 (m, 1H), 2.50-2.44 (m, 1H),
1.97 (dt, J=6, 2.5 Hz, 1H), 1.79 (ddd, J=15, 6. 2.5 Hz, 1H),
1.39(d, J=7.5Hz,3H), 1.28 (s, 3H), 1.10 (d, J=10.5 Hz, 1H),
1.05 (s, 3H); '°C NMR (125 MHz, acetone-d,) & 170.7,
167.2,68.8,64.1,61.9,57.8,55.4,50.2,41.6,39.7,39.1,32.3,
31.2,27.4, 23.9, 23.7, ''"B-NMR (128 MHz, acetone-d,) &
10.8; HRMS (ESI+) Calculated for C,-H,,BNO,: 352.1931.
Found: 352.19235.

Epoxide 3g.

The general procedure was followed using boronate ester
2g (45 mg, 0.1 mmol) and mCPBA (106 mg, 0.475 mmol),
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giving the product as a white solid (35 mg, 75%). d.r.>20:1.
TLC (Hexanes:acetone 3:2) R ~0.51, visualized by KMnO,;
'H NMR (500 MHz, CDCl,) & 4.31 (dt, J=10.5, 6 Hz, 1H),
4.21 (d, J=18 Hz, 1H), 4.01 (dd, J=12.5, 2.5 Hz, 1H), 3.99 (d,
J=15.5 Hz, 1H), 3.64 (d, J=15 Hz, 1H), 3.63 (dd, J=12.5, 4.5
Hz, 1H), 3.42 (d, J=17 Hz, 1H), 3.17 (quint, J=3 Hz, 1H),
2.70-2.65 (m, 1H), 2.50-2.46 (m, 1H), 2.39 (d, J=3 Hz, 1H),
2.16-2.15 (m, 1H), 2.05 (sept, J=3 Hz, 1H), 1.95 (dt, J=6.5,
2.5Hz, 1H), 1.81 (ddd, J=15, 6,3 Hz, 1H), 1.33 (d, J=6.5 Hz,
3H),1.27 (s,3H), 1.02 (s, 3H), 0.89 (s, 9H), 0.07 (s, 3H), 0.07
(s, 3H); "°C NMR (125 MHz, CDCl,) 6 169.2, 166.3, 67.9,
63.2,61.7,57.2,54.6,49.0, 40.6,39.2, 38.9,32.0, 30.5, 27.0,
25.9, 23.5, 23.5, 18.3, -5.3, -5.4; ''B-NMR (128 MHz,
CDCl,) o 11.3; HRMS (ESI+) Calculated {for
C,53H,,BNO.S1: 466.2796. Found: 466.2798.

3h
N
WB—0~ O
W“ o O
O
Epoxide 3h.

The general procedure was followed using boronate ester
2h (76 mg, 0.25 mmol) and mCPBA (106 mg, 0.475 mmol),
grving the product as a white solid (66 mg, 82%). d.r.>20:1.
X-ray quality crystals were obtained by making a saturated
solution of 3h 1n 1 mL of 1,2-dichloroethane and layering it
with about 2 mL of hexane. The layers were allowed to slowly
mix at room temperature, giving the desired crystals. TLC

(Hexanes:acetone 3:2) R~0.43, visualized by KMnO,; 'H
NMR (500 MHz, CDCl,)0 4.29 (dt, J=10.5, 6.5Hz, 1H), 4.22
(d, J=17.5 Hz, 1H), 3.98 (d, J=15 Hz, 1H), 3.68 (d, J=15 Hz,
1H),3.48(d,J=17Hz, 1H), 2.87 (dd, J=6,5 Hz, 1H), 2.78 (dd,
I=6,3.5Hz, 1H), 2.72-2.66 (m, 1H), 2.51-2.45 (m, 1H), 2.39
(dd, J=5,3.5 Hz, 1H), 2.18-2.17 (m, 1H), 2.06 (sept, J=3 Hz,
1H), 1.95 (dt, J=6,2 Hz, 1H), 1.83 (ddd, J=15, 6. 2.5 Hz, 1H),
1.34 (d, J=7Hz,3H), 1.27 (s,3H), 1.03 (s, 3H), 0.92 (d, J=11
Hz, 1H); '°C NMR (125 MHz, CDCl,) 8 169.5, 166.6, 68.1,

61.6,354.7,49.0,45.5,40.6,39.2,38.9,32.0, 30.5, 27.0, 23.5,
23.5; "'B-NMR (128 MHz, CDClL,) 6 11.0; HRMS (ESI+)
Calculated for C, ;H,-BNO.: 322.1826. Found: 322.1824.

Example 10
Pinacol-Type Rearrangement of Epoxide 3a

Preliminary studies have also revealed that oxiranyl PIDA
boronates can be transformed into previously inaccessible
Csp® boronate building blocks. For example, Mg(ClQ,).,, pro-

motes a very interesting pinacol-type rearrangement'”
(House et al. (1955) J Am Chem Soc '77:3070-5; Parker et al.

(1959) Chem Rev 59:737, Rickborn in Comprehensive
Organic Synthesis, Trost, Ed., Pergamon: Oxford, 1991, Vol.
3, Chapter 3.3, pp 733-75) of 3a to generate air stable a.-boryl
aldehyde 4 (Scheme 1 in FI1G. 2). Stable a.-boryl aldehydes do
not appear to have been previously reported 1n the literature,
and the stability of 4 1s likely attributable to the unique prop-
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erties of the iminodiacetic acid boronate motif. Importantly,
this rearrangement also occurs with complete maintenance of
stereochemical purity.

Mg(CIO4)2___
e DCM
O O — o
Ph’i 7 0— 23°C.
O 84%
3a
d.r. > 20:1
O O
~ O O
N
AN
B
IpcN H
Ph
4
d.r. > 20:1

A dry Schlenk flask was charged with 3a (795 mg, 2 mmol)

and dry CH,Cl, (40 mL) under a nitrogen atmosphere. The
flask was flushed with nitrogen and cooled to 0° C.
Mg(ClO,), (2 mmol) was then added 1n one portion, and the
reaction was stirred 1n the 1ce/water bath for 2 h. The reaction

was then warmed up to room temperature and filtered through
Celite, washing with additional CH,Cl, (20 mL). (Any

residual Mg(Cl10,), may be removed by pushing the filtrate
through a solvent-resistant syringe filter. PTFE filters from
Sigma-Aldrich (product #54132-U) were used). The filtrate
was then concentrated 1n vacuo at room temperature to attord
an off-white solid (667 mg, 84%, d.r.>20:1 by 1H NMR based

on aldehyde resonances). No purification of this product was
necessary for subsequent reactions. Note: the stereogenic
a.-carbon of the aldehyde can epimerize on silica gel.

Results. "H NMR (500 MHz, acetone-d,) & 9.88 (d, J=2.5
Hz, 1H), 7.45 (dd, J=7, 1.5 Hz, 2H), 7.39 (t, J=7.5 Hz, 2H),
7.32 (tt, I=7.5, 1.5 Hz, 1H), 4.29 (d, J=18 Hz, 1H), 4.07 (d.,
J=18 Hz, 1H), 4.04 (d, J=15.5 Hz, 1H), 3.93 (br s, 1H), 3.66
(d, JI=10.5, 6 Hz, 1H), 2.98-2.92 (m, 1H), 2.86 (d, J=15.5 Hz,
1H), 245(ddt =11, 6,2 Hz, 1H), 2.38 (ddt, J=13, 6.5, 2 Hz,
1H), 2.11 (sept, J= 3Hz 1H), 1.88-1.86 (m, 1H), 1.85-1.83
(m,1H),1.26(s,3H),1.08 (d, J=11Hz, 1H), 0.99 (s,3H), 0.93
(d, J=7 Hz,3H); '"°CNMR (125 MHz, CDCl,) 6 199.9, 168.5,
166.1,134.4,129.4,128.7,127.4,67.0,61.6, 55.3,48.8, 40.6,
38.8, 38.6, 31.6, 30.3, 27.0, 23.1, 23.0; HRMS (ESI+) Cal-
culated for C,,H,,BNO.: 398.2139. Found: 398.2140.

Example 11

Reduction of Stable a.-Boryl Aldehyde 4 to Alcohol
S

Stable a-boryl aldehydes such as 4 represent a new type of
nucleophilic/electrophilic bifunctional reagent. The substan-
tial potential of this motif for further structural modification
has begun to be explored. For example, 4 can be readily
reduced to alcohol 5 (this Example) or ketalized to generate
complex Csp~ boronate 6 (see Example 12).
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0 O O NaBH(OACc);
N DCM:AcOH 4:1
B -
IpeN I -20°CL T7T%
Ph
4
O O
.~ O
N
AN
B
IpcN \I/\OH
Ph
d

A dry 20 mL Schlenk flask was charged with aldehyde 4

(397 mg, 1 mmol) under an atmosphere of nitrogen. CH,Cl,
(20 mL) was added and the solution was cooled to -20° C.
NaBH(OACc), (318 mg, 2 mmol) was added portionwise to the
solution over 5 min. Following the addition, AcOH (4 mL)
was added, and the reaction was allowed to stir at =20° C. for
3 h. After warming to 0° C., the reaction was quenched by the
addition of sat. aqueous NaHCO, solution (10 mL). The mix-
ture was stirred for 10 min, then transferred to a separatory
tfunnel. After phase separation, the organic layer was washed
twice with sat. aqueous NaHCO, solution (10 mL), then with
H,O (10 mL) and dried over MgSOQO,, filtered and concen-
trated. The solid residue was washed with Et,O, then filtered
and dried 1 vacuo. A white solid was obtained (287 mg,
72%).

Results. TLC (Hexanes:acetone) R ~0.32, visualized by
KMnQ,; '"H NMR (500 MHz, acetone-d,) & 7.39 (app d,
I=7.5Hz,2H),7.33 (app t,J=7.5Hz,2H), 7.24 (app t, J=7 Hz,
1H), 4.29 (d, J=18 Hz, 1H), 4.07 (d, J=18 Hz, 1H), 4.04 (d,
J=15.5Hz, 1H), 3.66 (d, J=10.5, 6 Hz, 1H), 2.82 (d, J=15 Hz,
1H), 2.82-2.77 (m, 1H), 2.61 (dd, J=6, 4 Hz, 1H), 2.44 (ddxt,
I=11, 6, 2 Hz, 1H), 2.33 (ddt, J=13, 6.5, 2 Hz, 1H), 2.08 (m,
2H), 1.86 (dt, J=5.5, 2 Hz, 1H), 1.76 (ddd, J=14.5, 6, 2.5 Hz,
1H),1.27(s,3H),1.05(d, J=11Hz, 1H), 1.01 (s, 3H), 0.93 (d.,
I=7 Hz, 3H); HRMS (ESI+) Calculated for C,,H;,BNOL.:
400.2295. Found: 400.2297.

Example 12

Ketalization of Stable a-Boryl Aldehyde 4 to

Acetal 6
O O
=0 O MgS0,, plsOH
Ny DCM
B -
o 0
IpoN T 35° C., 64%
Ph
4
d.r. > 20:1
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-continued
0 O Ph
~~ O O
O\ ‘ mmnn Ph
5 O
IpcN
Ph
0

A 40 mL Ichem vial equipped with a stir bar was charged
with aldehyde 4 (397 mg, 1 mmol), (5,5)-hydrobenzoin (643

mg, 3 mmol) and MgSO,, (1 g). CH,Cl, (20 mL) was added,
tollowed by pTsOH.H,O (3.8 mg, 0.02 mmol). The vial was
flushed brietly with nitrogen and placed 1n a heat block. The
reaction was stirred at 33° C. for 3 h. After cooling to room
temperature, the suspension was filtered through Celite® and
the filtrate was concentrated in vacuo. The crude product was
purified by silica gel chromatography (acetone/Et,O/hexane
1:4:15—=1:2:7—1:1:3) to afford 6 (394 mg, 66%) as a white
solid. X-ray quality crystals were obtained by layering a
solution of 6 1n 1 mL of 1,2-dichloroethane and layering it
with about 2 mL of hexane. The layers were allowed to slowly
mix at room temperature, giving the desired crystals.

Results. TLC (Hexanes:EtOAc:Et,0 2:2:1) R ~0.69, visu-
alized by short wave UV; "THNMR (500 MHz, CDCl,)8 7.61,
(app d, J=6.5 Hz, 2H), 7.38 (app t, I=7.5 Hz, 2H), 7.32-7.25
(m, 7H), 7.19-7.17 (m, 2H), 7.15-7.13 (m, 2H), 6.04 (d, J=2.5
Hz, 1H), 4.75 (d, J=8 Hz, 1H), 4.31 (d, J=8 Hz, 1H), 4.17 (d,
J=17.5 Hz, 1H), 3.79 (dt, J=10, 6 Hz, 1H), 3.44 (d, J=15 Hz,
1H), 3.42 (d, =17 Hz, 1H), 3.00 (d J=2.5 Hz, 1H), 2.92 (d,
J=15Hz, 1H),2.77-2.72 (m, 1H), 2.44-2.42 (m, 1H), 2.07 (m,
1H), 1.96 (m, 1H), 1.85-1.81 (m, 2H), 1.26 (s, 3H), 0.96 (s,
3H), 0.91-0.89 (m, 4H); °C NMR (125 MHz, CDCL,) 8
168.9,166.5,138.7,137.7,136.5,130.8, 128.6, 128.4, 128.3,
128.2, 127.9, 127.2, 126.9, 126.4, 106.1, 87.4, 84.9, 66 .4,
61.6,55.3,48.8, 40.6,38.9,38.8,31.7,30.9,30.3, 27.0, 23.2,
23.1; HRMS (ESI+) Calculated for C;,H,;BNO,: 594.3027.
Found: 594.3028.

Example 13

1,2-Boryl Migration

Single crystal X-ray analysis of 6 enabled the full stere-
ochemical assignment of 4, which is consistent with exclusive
migration of the boronate group during the rearrangement of
3a. This type of 1,2-boryl migration appears never to have
been previously reported 1n the literature. This finding further
suggests that the potential of this platform to access a unique
array of novel Csp” boronate building blocks is substantial.

Example 14

Epoxidation of Alkenyl Boronates

Table 3 summarizes the general scheme and results of a
number of reactions for epoxidation of alkenyl boronates that
have been performed using stereoisomerically enriched or
substantially pure chiral organoboronic acids of the inven-
tion.
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TABLE 3

Epoxidation of alkenyl boronates.

*R

AN
N

mCPBA
CH,Cl,
0—23°C..12h

DY

O
O

[
AN

AN

R

1

d.r.¢

Entry

2.1:1

Ph

2.7:1

4:1

Me

1.6:1

OBn

>20:1
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TABLE 3-continued

Epoxidation of alkenyl boronates.

*R
AN
N

Y

1

N
/NN, /S
-

P o CH,Cl, P o
B\O 0—23°C. 12 h
0 0

Entry 1

Me/\/ Bi;x::

Me
8 Me
J‘J’N_K
/
/\/3_&0
P X \o .
7 Me
JIHN_K
/
B—O O
P X
Ph” X \o |
10 Me
;’N_X\
/
/\/B_&O
Me \ \O o

d.r.¢

,
<\ >20:1

<\ 12:1

O Mﬂ
Me ~10:1
##N_K
B%\ O
Ph/w/ 0 0O
O
>20:1
Me
.-.-N—&\
”
_ O
\u\\“ B\&
Ph/ : 7 O O
O
>20:1
Me
ﬁN_K
WB—0" O
“\\‘ \
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TABLE 3-continued

Epoxidation of alkenvl boronates.

132

*R
N\

N
/ _X\ mCPBA
-
P o CH,Cl
/\/B\_O 0—23°C.12h
R 0 0O

N\
N
o BT o~ O
O O
2

d.r.¢

>20:1

>20:1

5:1

%d.r. = diastereomeric ratio as determined via 500 MHz 'H NMR analysis of unpurified reaction mixtures.

Example 15
General Apparatus Design Principles

One example of an automated small molecule synthesizer
1s shown 1n FI1G. 4 (photograph) and FIG. 5 (schematic). This
custom-designed apparatus can execute the tully automated
synthesis of eight small molecules simultaneously. Each syn-
thesis consists of between one and three 1terative coupling
sequences, where each coupling sequence can include a
deprotection step, a cross-coupling step and a purification
step. The organization of the apparatus 1s centered on ei1ght
main syringe pumps. Each main syringe pump 1s dedicated to
only one synthesis. These eight main syringe pumps operate

independently to execute 1terative coupling sequences 1n par-
allel. Resources for each synthesis are compartmentalized
such that each main syringe pump does not access the

50

resources of another main syringe pump, with the following
exceptions: all solvents and all product output ports are
shared by all of the main syringe pumps. Additionally, an
auxiliary syringe pump 1s used as a shared resource for the
purification steps. Another auxiliary syringe pump 1s used as
a shared resource to handle all aqueous solutions. The custom
designed software that operates the machine governs how the
shared resources are distributed.

Standard Valve.

The valve modules were purchased from J-KEM Scientific
(part #Syr-CS4) and are connected to the controlling com-
puter via a RS485 to USB connection. Each valve module 1s
equipped with four eight-port stream-selecting valves
(J-KEM, part #SPDV-CS8). Fach valve connects the input

stream, which enters through the center of the valve, to one of
eight possible output streams (ports A thru H). The location of
the standard valves 1s shown 1n FIG. 5.
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Syringe Pump Valve.

Each syringe pump 1s fitted with an eight-port stream
selecting valve (J-KEM, part #SPDV8) where the input
stream enters from the syringe connected immediately 1n
front of port “E”. Port “E” 1s partially blocked by the syringe
and requires a flush-net fitting (IDEX Health and Science,
part #F-358) to connect the output stream. The location of the
syringe pump valves 1s shown 1n FIG. 5.

Syringe Pumps.

Syringe pumps were purchased from J-KEM Scientific
(part #SYR1400-8 for P1-P8, part #SYR-1400PC for P9 and
P10) and are connected to the controlling computer via a
RS485 to USB connection. Each syringe pump 1s fitted with
an eight-port stream-selecting valve (J-KEM, part #SPDV8)
and a 10 mL glass syringe equipped with a Teflon plunger
(J-KEM, part #SPGS-10000). The syringe pump withdraws
and 1njects at rates from 0.0 mL/min to 70.0 mL/min with a
step of 0.0029 mL. The location of the syringe pumps 1s
shown in FIG. §.

Reaction Tubes.

To minimize cross-contamination and allow the rapid setup
ol a synthesis, all chemical manipulations are performed 1n
disposable polypropylene tubes purchased from Luknova,
item #FC003012. The dimensions of the tube are 21 mmx120
mm (IDxlength). The bottom of the tube 1s fitted with a 21
mm diameter X 5 mm tall frit. The bottom of the tube 1s
accessed through a male Luer tip, while the top of the tube 1s
sealed with an air-tight, threaded cap containing a female
Luer port. The tube holds a solvent volume of up to 25 mL.
Examples of reaction tubes are shown in FIG. 6 and FIG. 8.

Tubing and Fittings.

All tubing and fittings were purchased from IDEX Health
and Science. The tubing used in the machine 1s 0.030 inch
(ID)xV1s inch (OD) Tetlon FEP tubing (part #1520xL). All
tubing connections were made with Vis inch ETFE flangeless
ferrules (part #P-200x) and '4-28 acetal fittings (part
#P-202x). Male Luer fittings (part #P-625) and female Luer
fittings (part #P-658) are ETFE and PEEK, respectively.
Examples of tubes and fittings are shown 1n FIG. 6.

Example 16
Computer Control of Apparatus

General Programming Design Principals.

All apparatus equipment 1s controlled by a custom program
written 1n VB.NET using Microsoit Visual Basic 2008
Express Edition. The apparatus 1s controlled by a single com-
puter running Windows Vista. The apparatus 1s designed to
run an experiment independently on each of the eight main
syringe pumps. Each main pump can be started and stopped at
will without atfecting the other pumps. Further, the scripts of
simultaneously executing experiments do not need to be the
same nor do they need to be synchronized in order for the
experiments to perform successiully. The program 1s
designed to manage distribution of shared resources such as
common valve equipment and auxiliary syringe pumps as
well as bandwidth on the COM ports.

Setting up and modifying the script used to execute an
experiment 1s designed to be straightforward and facile.
Towards this end, a simple custom scripting language was
developed. The scripting language contains a small collection
of commands used to send instructions to a virtual machine,
manage the timing of these operations, and lock/unlock
access to shared resources. The program serves as an inter-
preter for this custom scripting language and maps the virtual
machine istructions to the required apparatus hardware. In
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this way the same script can be used on any of the main
syringe pumps without modification.

Communication to the Apparatus Equipment.

Commands are sent to the apparatus equipment using the
computer’s serial ports. The RS485 senial ports of the appa-
ratus equipment are connected to a serial-to-USB converter
which 1s connected to the computer. Each COM port can
address up to 16 pieces of equipment, where a piece of equip-
ment 1s defined as a valve or a syringe pump. The syringe
pump may or may not additionally control a solenoid valve.
As configured, communication to the apparatus 1s distributed
across four COM ports. Commands can be sent to the equip-
ment no faster than every 20 milliseconds. To enforce this
delay, the program maintains a queue of commands to be sent
to the equipment. Commands recognized by the equipment
are: move the valve to a specific port, report the current
position of the valve, move the syringe plunger to a specific
position at a specific rate, turn the solenoid valve on/off, and
report 1f the equipment has finished executing the previous
command.

Program Architecture.

Each valve and each syringe pump 1s represented program-
matically as an “equipment object”. Each of these equipment
objects 1s given an identifier that can be used to map the
commands of the scripting language to the actual hardware
represented by the equipment object. Each main pump 1s
assigned a “pump object” that 1s a container for all of the
equipment objects that represent resources that are available
to the main pump. No single pump object contains every
equipment object, but every equipment object 1s contained 1n
at least one pump object. When an experiment 1s executed on
the main pump, the list of scripted commands 1s passed as a
text file to the corresponding pump object. The pump object1s
responsible for proof-reading, interpreting and executing the
scripted commands and updating the graphic user interface
(GUI) as appropriate.

Script Execution.

When the pump object 1s passed a text file of command
lines, the pump object interprets each command line 1nto a
“command object”. The command object contains all of the
information that 1s necessary to execute the command. Once
a command object 1s created 1t 1s entered 1nto a queue man-
aged by the pump object. Through this process the script 1s
prooi-read to 1dentily any syntax errors that would prevent the
code from executing properly. The script 1s then executing by
retrieving an item from the queue, sending the appropriate
commands to the equipment via the COM port, periodically
checking the status of the machine equipment until the com-
mand 1s complete, and then repeating the process for the next
command 1n the queue.

Scripting Language.

The scripting language contains the following commands
with 1ndications on their usage:

Indicates everything following the apostrophe is a
comment and should not be interpreted.

[text] The brackets represent a placeholder value recognized by
(brackets) the identifier text that will be replaced at runtime with
the define command.

At runtime replaces all brackets (placeholders)
containing text with the value of value. This 1s a useful
strategy for writing flexible scripts.

> (apostrophe)

define

text = value

pause n Halts execution of the script for n seconds.

valve nL. Moves valve n to port position L. (A-H).

valve xon valve xon opens the solenoid valve associated with the
valve xoff main syringe pump.

valve xoit closes this solenoid valve.
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-continued
pump n Fills the syringe with n mL drawn from port position L
m=Lout=M (A-H) at a rate of x mL/min. and inject n mL out through
ratein = x port position M (A-H) at y mL/min. The port position
rateout =y refers to the valve that is directly connected to the
syringe. Omitting the in = portion instructs the pump
to only dispense n mL as per above. Omuitting the out =
portion mstructs the pump to only fill n mL as per above.
Use rate = x to set both the rate of withdrawal and
the rate of injection to X mL/min.
pump out=M  Injects the entire contents of the syringe out through port
rate = X position M (A-H) at a rate of x mL/muin.
log Writes a time-stamped entry to the log book containing
“comment text” the user-defined text (comment text).
lockn Claims valve n for the exclusive use by the main pump.
If valve n 1s busy or has been locked by a different pump,
execution of the script 1s halted until the valve becomes
available. Auxiliary pumps can also be locked using this
command.
unlock n Releases valve n from the exclusive use by the main

pump. All lock commands should be eventually
followed by an unlock command. Auxiliary pumps can
also be released using this command.

The sub and end sub commands mark the beginning and
end, respectively, of command lines that will be
interpreted as a sub roufine with the identifier sub_ name.
Runs the sub routine 1dentified as sub__name. This sub
routine should have been previously defined using the
sub and end sub commands. The command following
the run command 1s not executed until all of the
commands 1n the sub routine have completed (as
opposed to the background command.)

Runs the sub routine 1dentified as sub__name. This
command 1s similar to the run command except that as
soon as the sub routine begins to execute, the command
following the background command executes as well.
Therefore, the sub routine is handled as a background
process allowing multiple actions to be performed at
once.

Halts execution of the script until the sub routine
identified as sub__name (which was previously executed
using the background command) finishes its execution.
This command allows background processes to be
synchronized with the main script.

sub sub name
end sub

run sub_ name

background
sub__name

walt sub_ name

Example 17
Chemical Synthesis

The following example, while not specific to a PIDA-based
system, describes procedures that, when used with a PIDA-
based system, are reasonably expected to achieve similarly
elfective results.

General Procedure.

All chemical manipulations were performed 1n polypropy-
lene tubes purchased from Luknova, item #FC003012. The
dimensions of the tube are 21 mmx120 mm (IDxlength). The
bottom of the tube 1s fitted with a 21 mm diameterx5 mm tall
trit. The bottom of the tube 1s accessed through a male Luer
tip, while the top of the tube 1s sealed with an air-tight,
threaded cap containing a female Luer port. The tube holds a
solvent volume of up to 25 mL.

Deprotection Tubes.

To enable automation, a novel MIDA boronate deprotec-
tion method was developed using Amberlyst A26(OH) resin.
Amberlyst A26(OH) was purchased from Sigma-Aldrich and
was stored under N, atm. at 4° C. Amberlyst A26(OH) (sus-
pension volume of 20 mL) was twice washed with MeCN (50
ml.) with vigorous agitation for 60 seconds in each wash. The
residual solvent was evaporated under a fast stream of air for
5> minutes until the resin was light beige in color and was
free-flowing. To each polypropylene tube was added the
Amberlyst resin (2.0 g resin for every 1.0 mmol of MIDA
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boronate to be deprotected) and, optionally, the MIDA bor-
onate starting material. The tube was capped and then placed
on the machine where the bottom Luer tip connected to the
deprotection table and the top Luer port 1s covered with
aluminum fouil.

Drying and Degassing Tubes.

A polypropylene tube was charged with Celite®, activated
molecular sieves (4 A, 8-12 mesh) and K,CO,. The amounts
of these reagents are proportional to the amount of Amberlyst
A26 resin used 1n the deprotection step prior to drying/degas-
sing, as indicated below. Onto the bed of solids was placed a
plastic plunger, cut from the plunger of a 5 mL polypropylene
syringe (Fisher #14-817-28, Norm-Ject). The plunger pre-
vents the solids from lifting during the degassing step. The
tube was capped and then placed on the machine where the
bottom Luer tip connects to the degassing table and the top
Luer port 1s connected to the gas manifold.

Amberlyst A26

(previous step) Celite ® Mol. sieves K,CO;,
20¢g 200 mg 20¢g 20¢g
1.0g 100 mg 1.0g 1.0g
O>¢g 50 mg O5¢g O5¢g

Reaction Tubes.
To assist in the transter of small amounts of Pd(OAc)., and

S-Phos, these reagents were adsorbed onto Cs,CO, as fol-
lows. To a 40 mL glass vial was added Pd(OAc), (22 mg) and

Cs,CO; (2.723 g). To the vial was added THF (10 mL), and
the suspension was concentrated 1n vacuo to atford a pale

amber powder, the Pd-mixture. To a 40 mL glass vial was
added S-Phos (76 mg) and Cs,CO, (2.667 g). To the vial was

added THF (10 mL), and the suspension was concentrated 1n

vacuo to afford a white powder, the SPhos-mixture.

To a polypropylene tube was added a stir bar (Bi1g Science
Inc., SBM-1508-REH), the halide (0.333 mmol), the Pd-
mixture (488 mg, 5% Pd) and the SPhos-mixture (488 mg,

10% S-Phos). For aqueous couplings, to the tube was added a
KOH pellet (75 mg, 1.7 mmol). The tube was capped with a

modified cap (see detail) and was placed 1n a heating block.
The bottom of the tube 1s connected the reaction table, the top
of the tube 1s vented to the gas manifold, and the second top
input 1s connected to the reaction table for addition of the
boronic acid. Building on the previously published reports of
“slow-release” cross-coupling, the boronic acid was added
slowly via syringe pump to minimize in situ decomposition
and thereby maximize yields.

Automation.
Each cross-coupling 1n the automated sequence was per-
formed according to the following, fully automated script:
Deprotection
a) Add THF (5 mL) to deprotection tube.
b) Agitate the mixture via gas bubbling for 60 minutes.
¢) Add AcOH in THF (4.0 M, 5.0 mmol per 1.0 g of
Amberlyst resin).

d) Agitate the mixture via gas bubbling for 15 minutes.

¢) Transier the solution to the drying tube, washing the
resin with THF (5x1.0 mL).

) Sparge the mixture with Ar gas for 15 minutes.

o) While sparging the reaction tube with Ar gas for 15 min.,
agitate the THF mixture via gas bubbling every 2 min-
utes.
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Cross-Coupling

h) Add THF (3 mL) to the reaction tube and allow the
mixture to stir for 10 min.

1) Transfer the boronic acid solution from the drying tube to
the reaction tube over 120 min., washing the solids with
THF (3x1.0 mL).

1) Stir the reaction mixture at 150 rpm for 22 hours.

Purification

k) Add hexanes (12 mL) to the ppt. chamber, then add a
portion of the reaction solution (3 mL) to the ppt. cham-
ber.

1) Withdraw the solution 1n the ppt. chamber through the
S10, plug and send to waste.

m) Repeat steps (k) and (1) until all of the reaction solution
has been transierred.

n) Add Et,O w/ MeOH (1.5% v/v) (7.5 mL) to
the ppt. chamber, withdraw the solution through the
S10, plug, and send to waste. Repeat an additional four
times.

0) Add Et,O (7.5 mL) to the ppt. chamber, withdraw the
solution through the S10, plug, and send to waste.
Repeat an additional two times.

p) Flow Ar gas through the S10, plug for three minutes to
evaporate residual solvent.

q) Add THF (6.8 mL) to the ppt. chamber.

r) Withdraw the THF solution through the S10, plug and
then inject the solution back into the ppt. chamber.
Repeat an additional two times.

s) Withdraw the THF solution through the S10,, plug and
inject the solution 1nto the deprotection tube used 1n the
next reaction. The next reaction begins at step a.

Direct Release/Aqueous Coupling Modification (Typi-
cally Performed as the Last Step of an Automated Synthe-
51S).

This sequence begins after step (s) from the general auto-
mation script (above).

t) Sparge the THF solution derived from the purification of

the previous cross-coupling with Ar gas for 15 minutes.

u) Transter the THF solution to the reaction tube 1n one
portion.

v) Stir the mixture for 5 minutes.

w) Add degassed H,O (2 mL) to the reaction tube.

X) Stir the reaction mixture at room temperature for 12
hours.

y) Add agq. NH,C1 (2.5 mL), mix for 5 minutes, then with-
draw the entirety of the mixture and transfer 1t to the
product test tube.

3-Parinaric Acid.

All steps were performed according to the general proce-
dure. The machine was equipped with reagent tubes as fol-
lows.
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Step 1.

The machine was equipped with a deprotection tube
charged with Amberlyst resin (2.0 g) and MIDA boronate 1

(211 mg, 1.0 mmol); a drying tube charged with molecular
steves (2.0 g), K,CO, (2.0 g) and Celite® (0.2 g); and a

reaction tube charged with the Pd-mixture (488 mg), the

SPhos-mixture (488 mg) and boronate 2 (103 mg, 0.333
mmol).

Step 2.

The machine was equipped with a deprotection tube
charged with Amberlyst resin (1.0 g); a drying tube charged
with molecular sieves (1.0 g), K,CO, (1.0 g) and Celite® (0.1
g); and a reaction tube charged with the Pd-mixture (244 mg),
the SPhos-mixture (244 mg), and boronate 2 (34 mg, 0.11
mmol).

Step 3.

The machine was equipped with a deprotection tube
(empty, but used for sparging the MIDA boronate solution)
and a reaction tube charged with the Pd-mixture (60 mg), the
SPhos-mixture (60 mg), KOH (75 mg, 1.7 mmol) and halide
3 (11 mg, 0.037 mmol).

Automation.

The synthesis was performed in a fully automated fashion
with no operator intervention. Step 1 and step 2 were per-
formed following the standard script, and step 3 was per-

formed {following the direct release/aqueous coup-

ling modification of the standard script. The aqueous mixture
that was outputted from the machine was manually purified as
follows: The mixture was transierred to a 60 mL reparatory
funnel and was diluted with sat. aq. NH,C1 (10 mL). The

mixture was extracted twice with Et,O (20 mL) and the

combined organics were washed with brine (20 mL); dried
over MgSQ,; filtered, then concentrated in vacuo. The yellow
residue was purified via S10, chromatography to atford
B-parinaric acid as a white solid (vield not yet determined).
The 'H NMR (CDCl,) spectrum of the synthesized product

was Tully consistent with the literature data (Lee, S. I.; Gray,
K. C.; Paek, I. S.; Burke, M. D. J. Am. Chem. Soc., 2008, 130,
466-468).

To characterize the efficiency of each step and characterize
all intermediates, Step 1 was repeated and the MIDA boronate
solution generated 1n line 19 of the standard script was
diverted 1nto a test tube and then concentrated to afford pure
intermediate 4 as a colorless solid (40 mg, 52%).

INANANANA s on

p-parmaric acid
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N N B\_OOH

4

O

"H NMR (500 MHz, acetone-d,): 8 6.53 (dd, J=17.0, 10
Hz, 1H), 6.11 (dd, J=15.5,10.0 Hz, 1H), 5.82 (dt, J=15.5, 6.5
Hz, 1H), 5.54 (d, J=17.5 Hz, 1H), 4.20 (d, J=17.0 Hz, 2H),
4.01 (d, I=17.0 Hz, 2H), 2.98 (s, 3H), 2.10 (quint, J=7.5 Hz,
2H), 0.99 (t, J=7.5 Hz, 3H); '°C NMR (125 MHz, acetone-
ds): 0196.1,143.7, 137.8, 132.6, 62.2,47.2,26.1, 13.7.

Step 1 and step 2 were repeated and the MIDA boronate
solution generated during the second coupling (line 19 of the
standard script) was diverted 1nto a test tube and then concen-
trated to afford pure intermediate S as a colorless solid (22

mg, 76%).

MeN —K
B/—O"' O
Et/\/\/\/ \O

O

"H NMR (500 MHz, acetone-d,): 6 6.58 (dd, J=18.0, 10.5
Hz, 1H), 6.28 (dd, J=15.0, 10.0 Hz, 1H), 6.20 (dd, J=13.0,
10.0 Hz, 1H), 6.11 (ddt, J=13.5, 10.5, 1.5 Hz, 1H), 5.82 (dXt,
J1=15.0, 6.5 Hz, 1H), 5.64 (d, J=17.5 Hz, 1H), 4.21 (d, J=17.0
Hz, 2H), 4.03 (d, J=17.0 Hz, 2H), 2.99 (s, 3H), 2.12 (quint,
J=7.5 Hz, 2H), 0.99 (t, J=7.5 Hz, 3H); '°C NMR (125 Mz,
acetone-d,): 0 169.0, 143.5, 138.3, 134 .8, 133.5, 130.3, 62.2,
473,26.4,13.8.

All-Trans-Retinal.

All steps were performed according to the general proce-
dure. The machine was equipped with reagent tubes as fol-
lows.
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Step 2.
The machine was equipped with a deprotection tube
charged with Amberlyst resin (0.5 g); a drying tube charged

with molecular sieves (0.5 g), K,CO; (0.5 g) and Celite® (50

mg); and a reaction tube charged with the Pd-mixture (82
mg), the SPhos-mixture (82 mg). A separate polypropylene
tube was charged with a solution of halide 7 (0.056 mmol) in
degassed THF (3 mL).

Automation.

The synthesis was performed in a fully automated fashion
with no operator intervention. Step 1 was performed follow-
ing the standard script. Step 2 was performed following the
standard direct release/aqueous coupling modification script
with the additional modification that the THF used in line 8 of
the standard script was the entirety of the solution containing
halide 7. Further, the script for step 2 was stopped after line 10
and the reaction solution was outputted to a test tube. The
product was manually purified as follows: The reaction solu-
tion was concentrated 1n vacuo and the solid yellow residue
was purified by S10, chromatography using an Isco-Teledyne
CombiFlash system to afford all-trans-retinal as a yellow
solid (3.3 mg, 20%). The '"H NMR (CDCL,) spectrum of the
product was fully consistent with the literature data (Lee, S.
1.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am. Chem. Soc.,
2008, 130, 466-468).

Example 18
Generality of Purification Platform

The following example, while not specific to a PIDA-based
system, describes procedures that, when used with a PIDA-
based system, are reasonably expected to achieve similarly
elfective results.

To establish the generality of the novel purification plat-
form, its capacity to purily a series of MIDA boronates rep-
resenting a diverse range of structures, including aryl, het-
croaryl, alkynyl, alkenyl, and alkyl derivatives, was tested.
Briefly, mock crude reaction mixtures were prepared by mix-

MeN
MeN _K Me O
Ve I / 1 B0’ o )\/“\
)Q/\)\/ B—O’ O 1/\/ \O O Br X H
o O 2 /
- -
\/‘\ Step 1 Step 2
Me
6
Me  Me Me Me O
X X Y ™ o

Me

Step 1.

The machine was equipped with a deprotection tube

charged with Amberlyst resin (1.0 g) and MIDA boronate 6
(173 mg, 0.500 mmol); a drying tube charged with molecular

sieves (1.0 g), K,CO; (1.0 g) and Celite® (0.1 g); and a
reaction tube charged with the Pd-mixture (244 mg), the
SPhos-mixture (244 mg) and boronate 2 (32 mg, 0.111

mmol).

all-trans-retinal

60

65

ing each MIDA boronate (1 equiv.) (Table 4) with tolyl-
boronic acid (1 equiv.) and a palladium catalyst (0.1 equiv) in
THF. Each of these mixtures was then subjected to fully-
automated purification via the hybrnid precipitation/catch-
and-release platform described 1n detail herein. At the end of
this process, all of these MIDA boronates were obtained in
>90% purity as judged by "H NMR, and the yields of recov-

ered MIDA boronates were good to outstanding (Table 4).
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TABLE 4

Purification from mock crude reaction mixtures.

142

Me

Pd(OAc), (2.5 mol %),

NN SPhos (5 mol %)
R-BMIDA + THE (0.0075 M) = R-BMIDA
S |
B(OH),
Boronate % Recovery Boronate % Recovery
BMIDA 69 76
\ @
‘ Q BMIDA
/
OMe
BMIDA 53 Me BMIDA 86
\/ F
92 BMIDA 87
‘ X BMIDA :
/
BMIDA 92 90
‘/\/\/ D—BMIDA
\/
BMIDA 92 BMIDA 68
‘/\ 7 /
L
SN NoMe
BMIDA 83 94
N )\
‘ BMIDA
ZNen
81 BnO BMIDA 86
‘ BMIDA ‘
/ N /
\
SO->Ph
78 BMIDA 65

BMIDA

o
>

MeO1C_ N
F

Details of the procedure are as follows.

Pre- Activation of the Catalyst Solution:
Palladium(II) acetate (0.001875 mmol, 2.5 mol %) and

SPhos (0.00375 mmol, 5 mol %) per purification to be run
were combined 1n an 8 mL scintillation vial equipped with a

<

PTFE-coated magnetic stir bar and placed under an argon

atmosphere. THF was added to generate a 0.01 M catalyst
stock solution (with respect to palladium(Il) acetate), and 1t
was stirred vigorously for 30 min at room temperature to
generate an orange, yvellow, or clear solution. After this acti-

vation process, 1 mL catalyst stock solution was added to the
solution in the polypropylene cartridge containing the simu-
lated reaction mixture.

55

60

65

Preparation and Installation of Simulated Reaction Cham-
ber:

A new fitted 12 g Luknova polypropylene cartridge was
charged with MIDA boronate (0.075 mmol, 1 eq), 4-methyl-
benzene boronic acid (0.075 mmol, 1 eq), and THF (10 mL).

After addition of the pre-activated catalyst solution, the car-
tridge was 1nstalled into the Luer fittings 1n the reaction block
of the automated synthesizer. Once all cartridges were 1n
place, the automated purification routine was run using the
computer interface. The samples were collected as THF solu-
tions into tared 40 mL scintillation vials.

Concentration, Azeotropic Drying, and Analysis of Recov-
ered Matenals from Purifications:

The THF solutions were concentrated under reduced pres-

sure on a rotary evaporator, then the residue was azeotroped
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with dichloromethane (3x5 mL) to remove residual solvents.

These residues were then placed under vacuum for 12-36

hours, after which yield and purity were determined by com-

parison of "H NMR in acetone-d6 with a standard sample of

the desired MIDA boronate and with a sample taken of a

simulated reaction mixture.

Automated Purification Detailed Protocol
A) In the background, auxiliary pump aspirates 6 mL hex-

anes and delivers 1t to the bottom of the precipitation
chamber, through the silica gel column. This process 1s
repeated once for a total of 12 mL hexanes.

B) Primary pump aspirates 9 mL of reaction mixture from
reaction chamber bottom and returns 6 mlL, through
bottom, to ensure no more than 3 mL will be delivered to
the precipitation chamber.

C) Primary pump delivers 3 mL of reaction mixture to top
of precipitation chamber containing 12 ml hexanes.
This induces chiral, non-racemic PIDA boronate pre-
cipitation from the THF solution. Primary pump then
delivers two 10-mL plugs of dry nitrogen to bottom of
precipitation chamber (bypassing the silica gel column)
to dislodge stir bar.

D) Suspension 1n precipitation chamber 1s aspirated from
bottom and through silica gel column by auxiliary pump.
Eluent 1s sent to waste.

E) Steps (A)-(D) repeat three additional times to send all of
reaction mixture to precipitation chamber.

F) Primary pump aspirates 1.5 mL THF and delivers it to
the top of reaction chamber as a rinse. Steps (A)-(C) are
repeated.

(o) Primary pump aspirates 1.5 mLL THF and delivers it to
top of reaction chamber as a rinse. Steps (B)-(C) are
repeated.

H) Step (D) 1s repeated.

I) Steps (A)-(D) are repeated.

I} Step (D) 1s repeated.

K) Primary pump aspirates 6.5 mL 1.5% (v/v) MeOH in

Et,O and delivers 1t to top of precipitation chamber. This
process 1s repeated once for a total delivery of 13 mL
solvent.

L) Primary pump delivers two 10-mL plugs of dry nitrogen
to the bottom of the precipitation chamber (bypassing
the silica gel column) to dislodge stir bar.

M) Step (D) 1s repeated.

N) Steps (K)-(M) are repeated. Step (D) 1s repeated again.

O) Steps (K)-(M) are repeated twice with Et,O instead of
1.5% (v/v) MeOH 1n Et,O. Step (D) 1s repeated twice
more to dry out silica gel column.

P) Auxiliary pump 1s rinsed with 2x1 mL THF to wash
away any residual MeOH. Wash THF 1s sent to waste.

Q) Auxiliary pump aspirates 6 mL THF and delivers slowly
to bottom of precipitation chamber through silica gel
column. This process 1s repeated once for a total of 12
mlL THF.

R) Primary pump aspirates 5 mL dry nitrogen and delivers
it to bottom of precipitation chamber (bypassing the
silica gel column) to agitate the suspension, thus pro-
moting mixing chiral, non-racemic PIDA boronate dis-
solution. This process 1s done 40 times.

S) THF solution of chiral, non-racemic PIDA boronate 1s
aspirated by primary pump out of the bottom of the
precipitation chamber (bypassing the silica gel column).
Solution 1s delivered to the collection tube. This aspira-
tion/delivery 1s repeated an additional 5 times to ensure
tull transfer.

T) Auxiliary pump pushes residual THF 1n silica gel col-
umn 1nto bottom of precipitation chamber as a rinse.
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U) Primary pump aspirates 5 mL dry nitrogen and delivers
it to bottom of precipitation chamber (bypassing the
silica gel column) to agitate the suspension, thus pro-
moting mixing chiral, non-racemic PIDA boronate dis-
solution. This process 1s done 5 times.

V) THF rinse 1s aspirated by primary pump out of bottom
of the precipitation chamber (bypassing the silica gel
column). Solution 1s delivered to the collection tube.

The results from this study of a wide range of structurally

diverse MIDA boronates demonstrates that the hybrid pre-
cipitation/catch-and-release purification strategy 1s remark-
ably general.

Example 19
Aqueous Deprotection Module

The following example, while not specific to a PIDA-based
system, describes procedures that, when used with a PIDA-
based system, are reasonably expected to achieve similarly
elfective results.

Automated aqueous deprotection of phenyl MIDA bor-
onate, trienyl MIDA boronate, and butenyl MIDA boronate
was performed using the aqueous deprotection strategy and
module described above.

Automated aqueous deprotection of phenyl MIDA bor-
onate afforded phenyl boronic acid. Subsequent automated
cross-coupling with the vinyl 1odide bifunctional building
block atlorded the desired coupled product 1n 77% vyield after
manual purification. See FIG. 12A.

Automated aqueous deprotection of the trienyl MIDA bor-
onate atlorded the trienyl boronic acid. Subsequent auto-
mated cross-coupling with the vinyl 1odide bitunctional
building block atforded the desired coupled product 1n 66%
yield after manual purification. See FIG. 12B.

Automated aqueous deprotection of the butenyl MIDA
boronate atforded the butenyl boronic acid. Subsequent auto-
mated cross-coupling with an 1someric mixture of the dienyl
vinyl 10dide bifunctional building block atforded a 75% vyield
of the expected 1someric trienyl coupled products 1 a 75%

yield after automated purification. See FIG. 12C.

Example 20

Fully Automated Synthesis of all-Trans-Retinal
Using Aqueous Deprotection Module

The following example, while not specific to a PIDA-based
system, describes procedures that, when used with a PIDA-
based system, are reasonably expected to achieve similarly
elfective results.

The First Deprotection Tube was Prepared as Follows:

To anew, fitted 12-g cartridge (Luknova, Mansfield, Mass.
02048, Part # FC003012) was added trienyl MIDA boronate
(345.2 mg, 1 mmol, 9 equivs). To this was added sodium
hydroxide (120.0 mg, 3 mmol, 27 equivs). The cartridge was
capped with its female Luer-port screw cap. To this Luer port
was attached a 5-mL polypropylene syringe barrel (Henke-
Sass, Woltf GmbH, Tuttlingen, Germany, 783532, Part # AJ)
from which the plunger had been removed. This first depro-
tection tube was wrapped with aluminum foil.

The Second Deprotection Tube was Prepared as Follows:
To anew, fitted 12-g cartridge (Luknova, Mansfield, Mass.

02048, Part # FC003012) was added sodium hydroxide (40.0
mg, 1 mmol, 9 equivs). Sodium hydroxide pellets were
shaved down to the correct mass with a clean razor blade and
massed quickly to minimize adsorption of atmospheric mois-
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ture. The cartridge was capped with its female Luer-port
screw cap. To this Luer port was attached a S-mL polypropy-
lene syringe barrel (Henke-Sass, Woll GmbH, Tuttlingen,
Germany, 783532, Part # AS) from which the plunger had been
removed. This second deprotection tube was wrapped with
aluminum foil.

The First and Second Predrying Tubes were Prepared as
Follows:

To a new, fitted 12-g cartridge (Luknova, Mansfield, Mass.
02048, Part # FC003012) was added Celite® 545 filter aid
(800 mg, not acid-washed, Acros Organics, Product
#3496°70025, Lot # A0287832). To this was added anhydrous
magnesium sulfate (2.1 g, ReagentPlus®, =99.5%, Sigma-
Aldrich, Product # M7506, Lot #080M0246V). These two
solids were mixed with a spatula until visibly homogenous.
On top of the solid mixture was placed a 5-mL polypropylene
syringe plunger (Henke-Sass, Woll GmbH, Tuttlingen, Ger-
many, 78332, Part # AJS), manually cut to approximately 6.5
cm 1n length. The cartridge was capped with its female Luer-
port screw cap. The Luer port was covered tightly with a small
square (approximately 1 cmx1 cm) of aluminum foil. Each
predrying tube was wrapped with aluminum foil.

The First and Second Drying Tubes were Prepared as Fol-
lows:

To a new, Intted 12-g cartridge (Luknova, Mansfield,
Mass. 02048, Part # FC003012) was added Celite® 545 filter
aid (300 mg, not acid-washed, Acros Organics, Product
#349670025, Lot # A0287832). To this was added activated
molecular sieves (3.6 g, 4 A, =325 mesh, Sigma-Aldrich,
Product #688363, Lot # MKBF4010V). Molecular sieves
were activated at 300° C., ambient pressure, 24 h, and cooled/
stored 1n a vacuum desiccator under dry argon over Drierite.
These two solids were not mixed. On top of the layered solids
was placed a 5-mL polypropylene syringe plunger (Henke-
Sass, Woll GmbH, Tuttlingen, Germany, 78532, Part # AJ),
manually cut to approximately 5.5 cmin length. The cartridge
was capped with 1ts female Luer-port screw cap. Each drying,
tube was wrapped with aluminum foul.

The First and Second Deoxygenating/Concentrating Tubes
were Prepared as Follows:

A new, Intted 12-g cartridge (Luknova, Mansfield, Mass.
02048, Part # FC003012) was capped with 1ts female Luer-
port screw cap. Each deoxygenating/concentrating tube was
wrapped with aluminum foil.

The First Reaction Tube was Prepared as Follows:

To a new, fitted 12-g cartridge (Luknova, Mansfield, Mass.
02048, Part # FC003012) was added a 4-g int (Luknova,
Mansfield, Mass. 02048, Part # FC003004). This frit was
secured, concentrically, to the 12-g cartridge irit with 26 G
Chromel A wire, pierced through the 12-g frit. To this reaction

tube was added, 1n order, anhydrous potassium phosphate
(1.39 g, 3 mmol+750 mg, 27 equivs+750 mg, 97%, Alla

Aesar, Product # L15168, Lot # L0O2UO015), palladium (II)
acetate (1.9 mg, 0.0083 mmol, 2.5 mol %, =99.9%, Sigma-
Aldrich, Product #320764, Lot #1000824996), 2-dicyclo-
hexylphosphino-2',6'-dimethyoxy-1,1'-biphenyl (Sphos, 6.8
mg, 0.017 mmol, 5 mol %, 98%, Strem Chemicals, Product
#15-1143, Lot #18526300), vinyl 1odide MIDA boronate
(103.0 mg, 0.33 mmol, 3 equivs), and a PIFE-coated rare
carth magnetic stir bar. Potassium phosphate was freshly
ground 1n a 100° C. mortar and pestle. The cartridge was
capped with 1ts customized female Luer-port screw cap. The
customized cap consists of a standard female Luer-port cap
with a bent (by approximately 45°), 1.5 inch, 18 G, disposable
needle installed through the cap and a small ball of Kimwipe
inserted 1nto the Luer port. It 1s important remove the cored-
out polypropylene plug from the inside of the needle after
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installation. The cap was topped with a Iritted 4-g cartridge
(Luknova, Mansfield, Mass. 02048, Part # FC003004).

The Precipitation Tube was Prepared as Follows:

To a new, Intted 12-g cartridge (Luknova, Mansfield,
Mass. 02048, Part # FC003012) equipped with a PTFE-
coated magnetic stir bar was added Celite® 545 filter aid (150
mg, not acid-washed, Acros Organics, Product #349670025,
Lot# A0287832) and 3-aminopropyl functionalized silica gel
(250 mg, 40-63 um, approximately 1 mmol/g NH,, Sigma-
Aldrich, Product #364238, Lot #79096HM). The cartridge
was capped with its female Luer-port screw cap. To the car-
tridge was added hexanes (5 mL, reagent grade) and the
resulting suspension was swirled vigorously to mix the solids.
The mixed suspension was allowed to settle for approxi-
mately 5 seconds and then the solvent was drained by forcing
a plug of ambient air through the top of the cartridge by
syringe. This process firmly embeds the stir bar in the solids
to prevent stirring before the precipitation tube 1s utilized.
This precipitation tube was wrapped with aluminum foil.

The Silica Gel Chromatography Column was Prepared as
Follows:

A silica gel chromatography column was freshly prepared
from custom PTFE fittings using unfunctionalized silica gel.
The cartridge was modeled after a 4-g cartridge (Luknova,
Mansfield, Mass. 02048, Part # FC003004), but was made of
PTFE 1nstead of polypropylene. To a clean, fritted column
was added silica gel. This was done by vacuum aspiration
through the bottom male Luer tip fitting. This process ensured
tight, even packing of the silica gel plug. Excess silica gel was
removed manually with a spatula and a 4-g frit (Luknova,
Mansfield, Mass. 02048, Part # FC003004) was placed on top
of the silica plug. This doubly-iritted cartridge was capped
with its female Luer-port screw cap, using PTFE tape to
ensure a tight seal.

-

T'he Second Reaction Vessel was Prepared as Follows:

To a non-flame-dried 7-mL glass vial equipped with a
PTFE-coated magnetic stir bar was added palladium (II)
acetate (1.2 mg, 0.0056 mmol, 5 mol %, 299.9%, Sigma-
Aldrich, Product #520764, Lot #1000824996), 2-dicyclo-
hexylphosphino-?j6'-dimethy0xy-l,1'-biphenyl (Sphos, 4.6
mg, 0.011 mmol, 10 mol %, 98%, Strem Chemicals, Product
#15-1143, Lot #18526300), and anhydrous potassium phos-
phate (212 mg, 1 mmol, 9 equivs, 97%, Alfa Aesar, Product #
[L15168, Lot # LO2UO135). Potassium phosphate was freshly
ground 1n a 100° C. mortar and pestle. This vial was sealed
with a PTFE-lined septum screw cap. Through the septum
was added a 1.5 inch, 20 G, disposable needle connected to a
dry argon gas line. Then, through the septum was added a 1.5
inch, 20 G, disposable needle to act as a vent. The reaction
vial was then tlushed with dry argon for approximately 7 min.
The vent needle and then the argon needle were removed from
the septum.

The Tubes, Vessels and Columns Described Above were
Used as Follows:

See FIG. 13 for reaction scheme. Both deprotection tubes
(wrapped with aluminum foil) were securely installed on the
machine. Tubes were 1nstalled by placing the tube’s male
Luer tip into the machine’s appropriate female Luer port and
were secured with a firm downward force and slight (less that
one quarter turn) clockwise rotation. Both predrying tubes
(wrapped and topped with aluminum foil) were securely
installed on the machine. Both drying tubes (wrapped 1n
aluminum fo1l) were securely installed on the machine. Each
drying tube was connected to the inert gas manifold by attach-
ing a patch line to the machine’s gas manifold and the tube’s
top Luer port. Patch lines are approximately 12-inch lengths

of tubing with male Luer-tip fittings on both ends. Both
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deoxygenating/concentrating tubes (wrapped 1in aluminum
to1l) were securely 1nstalled on the machine. Each deoxygen-
ating/concentrating tube was connected to the mert gas mani-
fold by attaching a vented patch line to the machine’s gas
manifold and the tube’s top Luer port. Vented patch lines are
approximately 12-inch lengths of tubing with a male Luer-tip
fitting on the machine-end and a Y-connector (one port con-
nected to the line, one port connected to a male Luer-tip
fitting, and one port lett open) on the tube-end. The first
reaction tube was securely installed on the machine (in a
heating block preheated to 40° C.) and connected to the inert
gas manifold by attaching the reaction vent line to the tube’s
top Luer port. The reaction tube was then covered with alu-
minum foil and set to stirring at 600 rpm. The silica gel
column was securely 1nstalled on the machine and connected
to the purification module by attaching the eluent line to the
column’s top Luer port. The precipitation tube (wrapped 1n
aluminum foil) was securely installed on the machine and

connected to the purification module by placing the eluent
line (fixed with a 1.5 inch, 18 G, disposable needle) through

the tube’s top Luer port).

The experiment’s pre-assembled code was then loaded and
executed to begin the automated sequence. The first aqueous
MIDA boronate deprotection commenced immediately. After
running the first deprotection (rt, 10 min), the machine
quenched and worked up the resulting boronic acid solution
and then dried, deoxygenated, and concentrated it. The
machine then ran the first, slow addition, cross-coupling reac-
tion (40° C., 8 h total) and purified the resulting coupled
product. The machine then ran the second aqueous MIDA
boronate deprotection (rt, 10 min) and subsequently
quenched, worked up, dried, deoxygenated, and concentrated
the resulting boronic acid solution.

Approximately 5 minutes before the second cross-cou-
pling began, the second reaction vessel was placed in an
aluminum block (at room temperature) on a stir plate. An nert
gas vent line (fixed with a 1.5 inch, 20 G, disposable needle)
was connected, through the septum. The reaction tube was
then covered with aluminum foil and set to stirring at 600
rpm. Separately, into a non-tlame-dried 1.5-mL glass vial was
added the aldehyde (16.6 mg, 0.11 mmol, 1 equiv). The vial
was sealed with a septum screw cap and to this was added 100
ul. deoxygenated dry THF from a 100 uL, gas tight, fixed
needle, glass syringe. The vial was manually gently agitated
to dissolve the aldehyde and then was added to the reaction
vial with the same syringe. The remaining residual aldehyde
was quantitatively transierred to the reaction vial with 2x50
uL of deoxygenated dry THF using the same syringe. As the
machine automatically deoxygenated the reaction addition
line (fixed with a 1.5 inch, 22 G, disposable needle), 1t was
connected to the reaction vessel, through the septum. The
machine then ran the second, fast addition, cross-coupling
reaction (rt, 3 h).

At the end of 3 hours, the reaction vial was removed {rom
the machine and the crude reaction mixture was filtered
through a 1-cm pad of Celite® packed in a pipette. The
reaction vial was washed with 3x2 mL dry THF and these
washings were {iltered through the Celite® pad. The pad was
then washed with 3x2 mL dry THF. The resulting clear dark
yellow filtrate was concentrated 1n vacuo (rt, 80 Torr), azeo-
troped with 3x5 ml dichloromethane (rt, 80 Torr), and
residual solvent was removed on high vacuum (30 min, 200
mTorr) to atford a dark yellow/orange sticky solid. This crude
product was manually purified by silica gel flash chromatog-
raphy to afford a mixture of all-trans-retinal:13-cis-retinal in
a ratio of 1:0.55 1n a combined total 30% yield.
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Example 21

Automated Purification of a Simulated Reaction
Mixture Containing a PIDA Boronate

Pre-Activation of the Catalyst Solution:

Palladium(II) acetate (4.4 mg, 0.01939 mmol, 5 mol %)
and SPhos (7.7 mg, 0.01875 mmol, 5 mol %) were combined
in an 8 mL scintillation vial equipped with a PI'FE-coated
magnetic stir bar and placed under a nitrogen atmosphere.
THF (5 mL) was added to generate a catalyst stock solution
(with respect to palladium(II) acetate), and i1t was stirred
vigorously for 30 min at room temperature to generate an
orange, vellow, or clear solution. After this activation process,
1 mL of the catalyst stock solution was added to the solution
in the polypropylene cartridge containing the simulated reac-
tion mixture.

Preparation and Installation of Simulated Reaction Cham-
ber:

A new fitted 12 g Luknova polypropylene cartridge was
charged with styrenyl PIDA boronate (28.6 mg, 0.075 mmol,
1 eq), 4-methylbenzene boronic acid (10.2 mg, 0.075 mmol,
1 eq), and THF (10 mL). After addition of the pre-activated
catalyst solution, the cartridge was installed into the Luer
fittings 1n the reaction block of the automated synthesizer.
Once all cartridges were 1n place, the automated purification
routine was run using the computer interface. The samples
were collected as THF solutions into tared 40 mL scintillation
vials.

Concentration, Azeotropic Drying, and Analysis of Recov-
ered Material from Purification:

The THF solution was concentrated under reduced pres-
sure on a rotary evaporator, then the residue was azeotroped
with dichloromethane (3x5 mL) to remove residual solvents.
Theresidue was then dried 1n vacuo. The percentage recovery
was determined to approximately 35%. SPhos and the
boronic acid were purified away from the PIDA boronate;
however an unknown side product was formed during the
purification procedure as indicated in the NMR of the purified
product (FIG. 14). The '"H NMR of the purified product in
acetone-d6 was compared with a sample of the stimulated
reaction mixture before purification.

Example 22

Automated Hydrolysis of a PIDA Boronate with aq.
NaOH Procedure

A Luknova cartridge (12 g) was charged with styrenyl
PIDA boronate (0.2 mmol, 1 equiv) and solid sodium hydrox-
ide (0.6 mmol, 3 equiv). Automated aqueous deprotection,
drying and concentration of the resulting boronic acid solu-
tion was then started using the computer interface. The
boronic acid solution was then further concentrated under
reduced pressure with a rotary evaporator. 'H NMR analysis
of the residue showed a mixture of styrenyl boronic acid, the
corresponding boroxine, and some PIDA ligand. No PIDA
boronate starting material was found 1n the analysis.

INCORPORAITION BY REFERENCE

All publications and patents mentioned herein are hereby
incorporated by reference in their entirety as if each indi-
vidual publication or patent was specifically and individually
indicated to be incorporated by reference. In case of contlict,
the present application, including any definitions herein, will
control.
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EQUIVALENTS

While specific embodiments of the subject invention have
been discussed, the above specification 1s 1llustrative and not
restrictive. Many variations of the invention will become
apparent to those skilled in the art upon review of the speci-
fication. The appended claims are not intended to claim all

such embodiments and variations.

We claim:
1. A compound of formula (I):

(D

wherein:
B is a boron atom having sp~ hybridization;
R* 1s a chiral group

R23

Ir

RZ | RZZ

of at least 90% enantiomeric excess:

R*' and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*' and
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 3-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of O,
N, and S;

R*® is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R'? is selected from the group consisting of

p ?«»ﬁ/k%
g

X
/
o
\Z.#"'
Rll.
#
X!

R]l
RY and M
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from the group consisting of hydrogen, halogen,
hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
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eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R'?, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen;

cach istance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR”:

R" and R” are both hydrogen or identically selected (C1-
C3)alkyl;

R? and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting o hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis0, 1, or2;

nis 0, 1, or 2; and

p1s 0, 1, or 2.
2. The compound of claim 1, wherein R* 1s

3. The compound of claim 1, wherein R* 1s

4. The compound of claim 1, wherein R* 1s selected from

the group consisting of

)

CH; and

{

5. The compound of claim 1, wherein R* 1s selected from

the group consisting of
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6. The compound of claim 1, wherein R* 1s

CHa.

7. The compound of claim 1, wherein R* 1s

fffr \

iy

L

"

"

.

-

-

-~

-
"';>

CHs.

~

8. The compound of claim 1, wherein R* 1s

‘OBn.

-

9. The compound of claim 1, wherein R* 1s

OBn.

10. The compound of claim 1, wherein R> and R° are
independently selected from the group consisting of hydro-

gen and (C1-C3)alkyl.

11. The compound of claim 1, wherein n 1s O.

12. The compound of claim 1, wherein R'" is

n is 0, p is 0, each instance of R"'* is hydrogen, and R"" is

selected from the group consisting of aryl and methyl.

13. The compound of claim 1, wherein R'" is

Rl |
#
X!

nis 0, X'is CH,, and R"'" is methyl.
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14. The compound of claim 1, wherein R'” is

HO 7

15. The compound of claim 1, wherein R'” is

TBSO =

16. A method of forming a compound of formula (I)

()

comprising reacting a compound represented by formula
(111)

(I11)
R

R, IL R’
i

HO,C CO,H

with a compound of formula (V)

R*°—B(OH), (V)
wherein:
B in formula (I) is boron having sp” hybridization;
R* 1s a chiral group

of at least 90% enantiomeric excess:

R*' and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R** and
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 3-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of O,
N, and S;

R** is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;
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R' is selected from the group consisting of

Xn’

R'' and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxvl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'" and any one instance of R'*, or
any two instances of R'?, taken together, form a 3-10-
membered ring;;

X 15 halogen;

cach instance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR’R®, O, S,
and NR’:

R' and R” are both hydrogen or identically selected (C1-
C3)alkyl;

R and R” are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl,
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis 0, 1, or 2;

nis 0,1, or 2; and

p1s 0, 1, or 2.

17. A method of performing a stereoselective chemical

reaction, comprising:

contacting a compound of formula (I) with a reagent

(1)
Rl

R*\N ﬁj
P
o_ E (ﬁ\ OO

R
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wherein:
R'" is chemically transformed in a stereoselective manner;

B is a boron atom having sp” hybridization;
R* 1s a chiral group

of at least 90% enantiomeric excess;

R*' and R** are independently selected from the group
consisting of hydrogen, alkyl, cycloalkyl, heterocyclyl,
aryl, heteroaryl, aralkyl, and heteroaralkyl; or R*" and
R**, taken together, form a 5-10-membered cycloalkyl
or aromatic ring, or form a 3-10-membered heterocyclic
or heteroaromatic ring comprising 1-3 heteroatoms
independently selected from the group consisting of O,
N, and S;

R*? is selected from the group consisting of hydrogen,
alkyl, cycloalkyl, heterocyclyl, aryl, heteroaryl, aralkyl,
and heteroaralkyl;

R' is selected from the group consisting of

XJ’

R" and each instance of R'* are independently selected

from the group consisting of hydrogen, halogen,

hydroxyl, (C1-C10)alkyl, cycloalkyl, aryl, aralkyl, het-
eroaralkyl, alkoxyl, acyl, acyloxy, aryloxy, amino, and
trialkylsilyloxy; or R'' and any one instance of R'?, or
any two instances of R'?, taken together, form a 3-10-
membered ring;

X 1s halogen:;

cach istance of Z 1s independently selected from the group
consisting of CH and N, provided that no more than two
instances of Z are N;

X' is selected from the group consisting of CR°R®, O, S,
and NR’:

R' and R* are both hydrogen or identically selected (C1-
C3)alkyl;
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R> and R* are both hydrogen or identically selected (C1-
C3)alkyl;

R> and R° are independently selected from the group con-
sisting of hydrogen, halogen, hydroxyl, (C1-C10)alkyl,
cycloalkyl, aryl, aralkyl, heteroaralkyl, alkoxyl, acyl, 5
acyloxy, aryloxy, amino, and trialkylsilyloxy;

R’ is selected from the group consisting of hydrogen and
(C1-C3)alkyl;

mis 0, 1, or 2;

nis 0, 1, or 2; and 10

p1s 0, 1, or 2.
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